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EVALUATION OF MUSCLE QUALITY AND DISEASE SEVERITY IN
INDIVIDUALS WITH HIP OSTEOARTHRITIS
Alyssa Bird

Abstract

Recent evidence suggests that muscle quality may play an important role in the
pathogenesis of hip osteoarthritis (OA). Muscle quality describes the extent of adipose
tissue accumulation, or fatty infiltration, within skeletal muscle, as adipose tissue stored
within the muscle has the capacity to impair muscle function. The hip abductors are
important pelvic stabilizers during gait; therefore, dysfunction of these muscles may
impact joint loading and lead to degeneration of cartilage and bone. Despite evidence of
increased fatty infiltration in individuals with hip OA, minimal research has evaluated
muscle quality in a population with mild-to-moderate OA, and relationships of muscle
guality with physical function, joint loading, and cartilage health have been sparsely
characterized. In this study, chemical shift-based water-fat separated magnetic
resonance (MR) imaging was used to quantitatively evaluate hip abductor muscle
guality in a cohort of individuals with and without mild-to-moderate hip OA. Measures of
hip abductor muscle quality were related to various disease outcomes including
radiographic OA severity, patient-reported disability, functional performance, isometric
strength, gait kinematics and kinetics, semi-quantitatively evaluated morphological
cartilage degeneration, and biochemical cartilage composition evaluated using
guantitative MR imaging. Hip abductor fatty infiltration was found to be significantly

associated with worse patient-reported outcomes, functional impairment, cartilage



lesions, muscle weakness, and increased frontal plane joint loading. These findings
suggest that hip abductor fatty infiltration may contribute to an abnormal mechanical
loading environment at the joint, potentially leading to greater cartilage degeneration
and disability. These findings are clinically relevant, as muscle quality may be a
modifiable risk factor for OA which can be targeted through exercise intervention to

improve disease outcomes.
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1 Overview

Chapters 2-6 are intended as a general introduction to the epidemiology,
pathophysiology, anatomy, and scientific methods relevant to this dissertation. Chapters
7-10 are presented as independent scientific studies which include study-specific
background, methods, results, discussion, and conclusions. Chapter 11 serves as a
synopsis of the important findings of the research presented in this dissertation and

summarizes the clinical implications of this work.



2 Osteoarthritis

Osteoarthritis (OA) is degenerative disease of synovial joints primarily
characterized by a degradation or loss of hyaline articular cartilage. This chapter briefly
discusses the epidemiology of the disease, risk factors for development and

progression of OA, and current treatment options.

2.1 Prevalence and Burden

OA is a leading cause of disability worldwide, with approximately 27 million US
adults estimated to have clinically defined OA.2 OA is typically defined based on
radiographic evidence of joint degeneration using standardized grading systems.
Symptomatic OA, however, is defined by the presence of both radiographic evidence of
OA and symptoms, thus the prevalence of symptomatic OA is often observed to be
lower than that of radiographic OA. It is widely recognized that a discordance exists
between structural and symptomatic disease, as several studies have demonstrated
weak relationships between radiographic OA severity and pain; though, these
relationships are stronger in cases of severe radiographic disease.®’

Symptomatic OA in the hip and knee—the most common large joints affected by

OA—poses a significant burden to the patient, as disease of these weight-bearing joints



significantly impacts an individual’s ability to locomote, carry out activities of daily living,
and diminishes overall quality of life.?2 It is estimated that approximately 40% of
individuals aged 65 or older may have symptomatic hip or knee OA.%° Economically,
the impact of OA is substantial at both the individual and societal level due to direct
costs of healthcare utilization, as well as indirect costs associated with lost productivity.
In 2015, OA was estimated to account for approximately $40 billion in national hospital
expenditures in the US.*! Additionally, OA is related to a greater probability of work
absenteeism, with aggregate costs estimated to be higher than any other major chronic

disease at approximately $10 billion per year.!?

2.2 Risk Factors

Increasingly, OA is recognized as a multifactorial process influenced by
numerous local and systemic factors. While age is by far the most important risk factor
for OA, genetic predisposition, obesity, female sex, increased bone mineral density, and
joint laxity, malalignment, or injury have also been identified as risk factors.'?
Mechanical joint loading is widely accepted as a factor contributing to the development
and progression of OA. Mechanical stress at the joints produces an imbalance of
catabolic and anabolic processes which leads to cartilage degradation. Both
underloading and overloading have been linked to OA-related degeneration suggesting
that appropriate mechanical loading is important for cartilage health, while abnormal
loading may be detrimental.’* Obesity plays an important role in knee OA, and to a

lesser extent in hip OA, as it not only imposes increased mechanical loads on joint



tissues, but also contributes to low-grade systemic inflammation through the release of

proinflammatory mediators from adipose tissue (discussed in Chapter 3).14

2.3 Current Treatment Options

Current treatment options for OA are limited. In the hip and knee, therapies are
aimed at reducing pain, improving mobility, and preventing progression of structural
degeneration.'® These treatment options include non-pharmacological,
pharmacological, and surgical approaches. Non-pharmacological modalities include
patient education, physical therapy, use of assistive devices, weight reduction or
management, as well as aerobic, strengthening, or range of motion exercises.
Pharmacological treatments include the use of analgesics and non-steroidal anti-
inflammatory drugs, corticosteroid injections, and opioids when pain is unresponsive to
more conservative management. Surgical options include joint replacement, osteotomy,
lavage, and arthroscopic debridement depending on severity of disease and disability.
While these treatment recommendations are evidence-based and have been developed
by an expert consensus,*® no treatments currently exist which halt the progression of
cartilage and bone degeneration or reverse existing structural joint damage. A better
understanding of risk factors and biomarkers of early-stage disease is needed to

develop and tailor treatment plans aimed at preventing or slowing joint degeneration.



3 Musculoskeletal Tissue in Osteoarthritis

Although articular cartilage has received the most attention in the context of OA
research, the disease is increasingly recognized as a whole-organ condition which
involves all joint tissues including subchondral bone and periarticular soft tissues such
as muscle.'®17 Tissue structure, function, and OA-related degenerative changes

relevant to the work discussed in this dissertation are described in this chapter.

3.1 Articular Cartilage

Articular cartilage is a smooth, viscoelastic tissue which covers the ends of long
bones of articulating joints whose primary function is to provide a low-friction surface for
articulation and to facilitate load transmission.*® The articular cartilage is approximately
2 to 4 mm thick and is avascular and non-innervated, receiving its nutrients via diffusion
from the synovial fluid and subchondral bone.!® Cartilage consists of a dense
extracellular matrix (ECM) and low density of highly specialized chondrocytes which
continually remodel cartilage by synthesizing components of the ECM.2° The ECM is
primarily composed of water (up to 80% of cartilage weight), type Il collagen, and
proteoglycans (PG). These components allow for water retention in the ECM, which is

essential to maintaining its mechanical properties.?°



Articular cartilage can be divided into zones as shown in Figure 3.1: superficial,
middle (transitional), deep, and calcified zones. The thin superficial zone consists of
tightly packed type Il collagen fibrils oriented parallel to the articular surface. This zone
primarily acts to resist shear forces and is critical to maintaining the health of deeper
zones.'® The middle zone contains a higher density of PG and thicker collagen fibrils
oriented oblique to the articular surface and mainly acts to resist compressive forces.®
The deep zone provides the greatest resistance to compressive forces, as it contains
the greatest density of PG, lowest water content, and has the thickest collagen fibrils
which are oriented perpendicular to the articular surface. The calcified zone is
separated from the deep zone by the tidemark and plays an important role anchoring
cartilage to subchondral bone. This zone is permeable to small molecules and allows for
biochemical interaction between the non-calcified articular cartilage and subchondral

bone.?!

>

ot | Proteoglycans
|
/
:/jjiLL"// Chondrocyte
Y

Collagen fibers

=t Articular surface

\ )

-== Transitional zone

__.,.__.____.-. Middle zone

Tidemark
Calcified cartilage zone

7 burememmsmsaremensmseeememeees SubchoNdral bo
52 e Ui londral ne

Figure 3.1. Schematic of cartilage extracellular matrix (ECM) and subchondral bone
structure. Middle and deep zones labeled as “transitional” and “middle”, respectively.
Figure reproduced with permission of Elsevier, from Comparative Kinesiology of the

Human Body.??

While not fully understood, OA is thought to occur as a result of an imbalance of

synthesis and degradation of ECM components.?® This imbalance leads to a



deterioration in the structural integrity and material properties of the cartilage. In early
stages of OA, degenerative changes to articular cartilage include increased hydration,
PG loss, and thinning or disruption of the collagen network.?*2% In later stages of
disease, cartilage becomes dehydrated and fibrillated, resulting in a partial or full
thickness loss of cartilage which may expose subchondral bone.?¢ These changes are
shown in Figure 3.2. Due to a low density of chondrocytes and lack of blood vessels,
lymphatics, and nerves, articular cartilage has a limited capacity for intrinsic healing and
repair?’; thus, early identification and prevention of degenerative changes to the tissue
is critical for maintaining joint health. Evaluation of these early signs of OA-related

degeneration will be discussed in Chapter 4.

Collagen Proteoglycan (Aggrecan)

Healthy Cartilage Early OA Late OA

Figure 3.2. Stages of osteoarthritis (OA)-related articular cartilage degeneration. Early-
stage OA degeneration includes increased hydration, proteoglycan loss, and thinning or
disruption of the collagen network. Late-stage OA degeneration includes decreased
hydration and extensive fibrillation and cartilage thinning. Figure reproduced with
permission of Wiley, from Quantitative MRI of articular cartilage and its clinical
applications.?®



3.2 Subchondral Bone

Similar to articular cartilage, the function of subchondral bone is to absorb,
distribute, and transfer loads across the joint.2° Subchondral bone refers to the bone
components lying deep to the calcified cartilage zone including the subchondral bone
plate (SBP) and the cancellous subchondral trabecular bone (STB). Immediately
beneath the calcified cartilage zone lies the SBP, a thin cortical lamella which contains
channels that allow for direct chemical signaling between chondrocytes and
subchondral bone cells.° Deep to the SBP is the subchondral trabecular bone (STB).
The STB is highly porous and metabolically active, as it contains blood vessels, nerves,
and bone marrow. The STB serves as a shock-absorbing and supportive tissue and
may also be important for supplying cartilage with nutrients to support metabolism.??
Subchondral bone is dynamic and able to adapt to mechanical forces transmitted
across the joint by adjusting trabecular orientation and scale in relation to stress over
time.3! As such, mechanical stress plays an important role in modifying subchondral
bone by way of modeling (formation of new bone) and remodeling (changes to tissue
organization and composition).2°

Along with cartilage degeneration, OA is characterized by changes to the
subchondral bone including sclerosis, remodeling of the trabeculae, formation of new
bone at the joint margins (osteophytes), and development of bone marrow lesions and
subchondral cysts.?®3? These changes may lead to increased bone stiffness which
minimizes the capacity for bone to absorb shock.3® Together, degenerative changes to

the subchondral bone and articular cartilage contribute to joint space narrowing. The



hallmarks of OA such as joint space narrowing, osteophyte formation, and sclerosis will

be discussed further in Chapter 4.

3.3 Skeletal Muscle

The structure and function of skeletal muscle is a growing area of interest in OA
research. Biomechanically, the primary function of muscle is to convert chemical energy
into mechanical energy in order to generate force needed to produce movement.33
Skeletal muscle is a complex, highly organized tissue composed primarily of contractile
tissue, though it also contains connective tissue, blood vessels, and nerves.3* Muscle
(Figure 3.3) is composed of bundles of long, threadlike muscle fibers (myofibers). Each
muscle fiber is made up of many myofibrils composed of overlapping thick and thin
filaments that are arranged longitudinally into sarcomeres. Sarcomeres are responsible
for the shortening and lengthening contractions of muscle.3®

Bundles of myofibers make up the fascicles, and bundles of fascicles form the
muscle. Muscle fibers, fascicles, and muscles are encased in a non-contractile ECM
referred to as the endomysium, perimysium, and epimysium, respectively.>* The ECM
enables uniform distribution and transmission of force within the muscle and from
muscle to tendon.® The force produced by muscle contraction is transmitted via this
connective tissue network and tendons to the skeletal system in order to produce or
control movement. The capacity for a muscle to generate force is dependent on many
factors including muscle size, architecture of muscle fibers and the angle at which they
insert into the tendon (pennation angle), and the quality of the interaction between the

cellular elements.33
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Tendon
Endomysium
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Figure 3.3. Schematic diagram of gross organization of muscle tissue. Figure
reproduced with permission of Wiley, from Structure and Function of the Skeletal
Muscle Extracellular Matrix.34



It is now well-established that a loss of muscle mass and an accumulation of
adipose tissue in skeletal muscles are common features of aging and disease.36:3’
While the cause of increased accumulation of adipose tissue is not well-understood,
mounting evidence suggests that these changes may be important in the OA disease
process, as several recent studies have demonstrated increased fatty infiltration and/or
decreased muscle size in individuals with hip and knee OA.38-43 These changes are of
particular interest in OA, as reduced muscle size and accumulation of fat in ectopic
depots may have important implications for periarticular muscle function and joint health
(further discussed in Chapter 5). However, minimal research has investigated the
relationship between fatty infiltration and disease severity or functional impairment,
particularly in the context of OA.

Fatty infiltration of skeletal muscle refers to the storage of lipids deep to the
fascia of the muscle.®” This includes accumulation of lipids stored directly within the
muscle fibers themselves (intramyocellular), as well as within adipocytes which
accumulate in the skeletal muscle between muscle fibers (intramuscular) or between
muscle fascicles or muscle groups (intermuscular) as shown in Figure 3.4.
Accumulation of adipocytes in these ectopic depots may arise from adipogenic
differentiation of various stem cell populations in the skeletal muscle such as satellite
cells and fibroadipogenic progenitors.** Adipose tissue stored in skeletal muscle
releases proinflammatory cytokines which are thought to contribute to local
inflammation of muscle,*>*8 as well as systemic, whole-body inflammation.*® Increased
levels of systemic and local (to locomotor muscles) proinflammatory cytokines have

been linked to reduced muscle force and mobility impairment.*8-51 Additionally,
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proinflammatory cytokines not only have the capacity to impair muscle function, but may
also directly contribute to degradation of surrounding joint tissues such as the cartilage

ECM.52-54

A SKELETAL MUSCLE Muscle fascicles

Muscle fibers (myocytes)

Myofibrils

Epimysium (fascia) Perimysium Endomysium

B Perimuscular (subfascial or intermuscular) fat

ADIPOSE TISSUE Intramuscular fat

Figure 3.4. Schematic diagram of (A) skeletal muscle and (B) fatty infiltration of skeletal
muscle. Fatty infiltration may be classified as intramyocellular, intramuscular, or
intermuscular. The term inter-muscular fat is also commonly used to describe adipose
tissue stored between muscle groups. Figure reproduced with permission of Altajar and
Baffy, from Skeletal Muscle Dysfunction in the Development and Progression of
Nonalcoholic Fatty Liver Disease.®®
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Fatty infiltration is thought to alter the metabolic environment of muscle fibers by
stimulating local catabolic processes and inhibiting anabolic processes, leading to a loss
of muscle mass and impaired muscle function.3744.56 Proinflammatory cytokines
released by adipose tissue are linked to decreased insulin sensitivity which can impair
protein synthesis in muscle.®’” Additionally, adipose tissue may contribute to a shift in
muscle fibers from type Il to type 1.58 Mechanically, adipose tissue occupies space in
the muscle and may alter muscle fiber pennation angle and elasticity.>°-%* Together, the
negative metabolic and mechanical effects of fatty infiltration are thought to contribute to
muscle dysfunction via reduced force generation per unit of cross-sectional area (CSA)
of muscle. Thus, the ratio of adipose tissue to lean muscle has come to be described by

the term “muscle quality”. Evaluation of muscle quality will be discussed in Chapter 4.
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4 Imaging Joint Tissues in Osteoarthritis

Biomedical imaging represents one of the most useful tools for evaluating OA
degeneration, as it is non-invasive and can provide detailed information about the
morphology and composition of tissues affected in the disease process. This chapter
describes the imaging modalities used to evaluate joint tissues such as those discussed
in Chapter 3. The strengths and limitations of these modalities will be addressed with an

emphasis on applications relevant to the work presented in this dissertation.

4.1 Radiography

Radiography or x-ray imaging is one of the most cost-effective and widely
available imaging tools used to evaluate OA in both clinical and research applications.
Radiographs are primarily used to evaluate features such as joint space width and other
bone abnormalities such as osteophytes, sclerosis, and subchondral cysts which may
indicate the presence of OA. Grading systems such as the Kellgren-Lawrence (KL)
score®? may be used to semi-quantitatively evaluate these features and indicate
presence and severity of OA on a scale from 0 to 4, with O indicating no radiographic
evidence of OA and 4 indicating severe OA. Radiography also has several limitations
including an inability to directly visualize cartilage and other non-calcified structures;
therefore, cartilage thickness and degeneration can only be inferred from joint space
narrowing and presence of other bone abnormalities. Additionally, because radiography
is a projection method, this modality is subject to morphological distortion,
magnification, and superimposition of overlapping structures which may affect joint

measures.®® Furthermore, x-ray imaging exposes patients to harmful ionizing radiation.
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4.2 Magnetic Resonance Imaging

Although comparatively expensive and time-intensive, magnetic resonance (MR)
imaging or MRI provides excellent contrast and spatial resolution for multiplanar
tomographic imaging of tissues not visible on radiographs. This imaging modality is
relatively safe as it does not expose patients to ionizing radiation and instead transfers
energy in the form of heat. MR imaging is used to map signals from tissues which are
high in hydrogen nuclei (protons) such as water and fat. Various MR sequences can be
utilized to provide different image contrasts which allow for targeted evaluation of
specific tissues such as cartilage or muscle.

MR sequences differ depending on how the net magnetization of tissue changes
or relaxes in the presence of a strong external magnetic field (Bo) after the application of
a radiofrequency (RF) pulse (B1). Common contrast mechanisms used in
musculoskeletal applications include Ti-weighted, T2-weighted, and proton density (PD)
or intermediate-weighted sequences. T1 relaxation describes the time it takes for
protons to return to ~63% of their initial longitudinal magnetization; T2 relaxation is the
time it takes for protons to regain ~37% of their transverse magnetization and is
characterized by an exponential decay.® T2* relaxation is the effective T2 which
incorporates magnetic field inhomogeneities from the scanner and tissue susceptibility
and is thus faster than T2.84 PD sequences reflect the density of protons per volume of
tissue. The relaxation time of a tissue varies based on its structure and biochemical
composition which affect its magnetic properties. Additionally, various forms of fat

suppression can be used to exclude signal from fat to highlight other tissues. These

15



principles form the foundations for MR imaging and the development of specialized

sequences which may be used to evaluate joint tissue morphology and composition.

4.2.1 Clinical Cartilage Imaging

Articular cartilage is primarily composed of water and is therefore an excellent
target for MR evaluation. MR imaging may be utilized to provide both morphological and
compositional information about articular cartilage. Clinical evaluation of articular
cartilage is typically performed using intermediate-weighted fast spine-echo (FSE)
sequences with or without fat suppression. Fat suppression allows for improved contrast
between cartilage and surrounding tissue such as bone, however this process results in
a loss of signal. Thus, non-fat suppressed images offer higher spatial resolution and
better signal to noise ratio (SNR) for visualizing articular cartilage.?® Multiple systems for
standardized, semi-quantitative grading of cartilage morphology and other degenerative
changes in OA have been developed for 1.5T and 3T MR imaging.55 The Scoring Hip
OA with MRI (SHOMRI) system described in Chapter 9 has shown good intra- and inter-
rater reliability and sensitivity for detecting cartilage lesions in acetabular and femoral
cartilage.?%6” These scoring systems are highly valuable in research applications which
evaluate disease severity and track OA progression. However, there are limitations of
morphological cartilage grading including the requirement for trained clinicians to

evaluate images which can be a time-intensive manual process.

4.2.2 Quantitative Cartilage Imaging

MR imaging can also be employed to provide quantitative information on the

biochemical composition of articular cartilage using biomarkers of cartilage ECM
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composition such as T1p and T2 relaxation. This advanced application of MR imaging
involves long scan times with intensive image processing requirements and therefore is
not yet feasible for clinical applications. Nonetheless, quantitative MR imaging of
articular cartilage is a rapidly growing area of interest in OA research given its ability to
guantify early degenerative changes to cartilage composition which may precede
morphological changes.?®

T1p-weighted MR sequences use a spin-lock pulse to lock magnetization in the
transverse plane while applying a continuous RF pulse. T1p relaxation probes the slow-
motion interactions between motion-restricted water molecules and their
macromolecular environment.®® A loss of macromolecules such as PG in the cartilage
ECM which restrict motion of water molecules can be reflected by T1, measures.?® T
relaxation reflects the mobility and energy exchange of free water protons inside the
cartilage matrix. Damage to the collagen-PG matrix such as collagen disruption and
increased hydration that occurs in cartilage degeneration can be reflected by T2
measures.?® Due to the curvature of cartilage on articular surfaces and its layered
structure with varying collagen fiber orientation, cartilage T2 measures are susceptible
to the magic angle artifact. The magic angle effect describes a localized increase in T>
relaxation time in regions of collagen fibrils which are aligned 55° relative to Bo.5°
Quantification of T1p and T2 relaxation times is performed by fitting each voxel of the T1p-
or T2-weighted images acquired at different spin-lock times (TSLs) or echo times (TES)
to an exponential decay function (described in Chapter 10). Image segmentation can
then be performed to define the cartilage region of interest, visualize cartilage relaxation

maps as shown in Figure 4.1, and quantify relaxation times in specific regions.
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Figure 4.1. T1p and T2 relaxation maps of hip cartilage showing the spatial distribution of
relaxation times in the acetabulum and femoral head.

Both T1p and T2 relaxation times provide indirect measures of cartilage ECM
composition. Ex vivo studies have shown T1p relaxation to be sensitive and specific to
PG content in articular cartilage, with T1p relaxation times increasing linearly with
decreasing PG content.”®-"2 In vitro studies have shown that T2 correlates with water
content but poorly with PG content.”* However, T2 relaxation can provide specific
information about collagen organization” with increased T2 relaxation times indicating
increased water content and greater disorganization of the collagen network.”37# In vivo,
elevated T1p and T2 have been observed in individuals with OA and have been
associated with OA severity.”>=’7 In individuals with no visible signs of morphological
cartilage degeneration, elevated T1, has also been observed.’”® These findings highlight
the capability for T1p to detect early compositional changes. Thus, these imaging
biomarkers may allow for the development of treatment strategies which target early-

stage disease and prevent or slow the progression of OA.
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4.2.3 Clinical Muscle Imaging

MR imaging is widely used for visualizing muscle tissue and evaluating muscle
quality. For clinical evaluation of muscle, T1-weighted MR images are commonly
acquired’® and the degree of fatty infiltration of the muscle may be semi-quantitatively
graded for clinical or research purposes. The most common grading system used in the
evaluation of fatty infiltration of muscle is the Goutallier classification system, originally
developed for evaluation of computed tomography images and adapted for use in MR
imaging.’®-8! The Goutallier classification system is a relatively fast and simple method
for evaluating muscle quality in which fatty infiltration of skeletal muscle is graded on a
scale from 0O to 4. However, these semi-quantitative methods have been shown to have

poor reproducibility and overestimate fat content.82-84

4.2.4 Quantitative Muscle Imaging

Using standard Ti-weighted MR sequences, muscles may be segmented to
obtain measure of muscle CSA or volume. However, Ti1-weighted images are not
recommended for quantifying fatty infiltration, as the signal intensity of the image is not
directly related to fat content in the muscle and this imaging method is susceptible to B1
and Bo inhomogeneities.?® Thus, highly specialized water-fat separated MR sequences
have been developed which allow for accurate quantification of fat content within the
muscle with high spatial resolution. These techniques, known as chemical shift-based
water-fat separation methods, exploit the difference in precessional frequencies
between water and fat protons and can be implemented with advanced algorithms

which allow for the accurate quantification of fat content. Chemical shift-based water-fat
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separation techniques separate the MR signal into its water and fat components by
acquiring images at two or more TEs after excitation. In the most basic dual-echo
approach, two echoes are acquired—one at a TE in which water and fat are “out of
phase” (OP) and one at a TE in which water and fat are “in phase” (IP). This method is
considered a magnitude-based approach, as the magnitude of the signals from these
images is combined to produce water-only and fat-only images using the equations

below, where S represents the image signal:
Swater = |Sip + Sopl
Srat = |Sip — Sopl
Then, the signal fat fraction (FF), 7, can be calculated as the signal from fat

divided by the combined signal from fat and water:

Srat

77 =
SWater + SFat

Notably, the signal FF is confounded by several factors. Specifically, the spectral
complexity of fat, T>* decay, and T1 bias effects must be considered when determining
fat content in tissue.86-°0 Only when all of these confounding factors are addressed in
the separation of water and fat does the signal FF equate to the proton density fat
fraction (PDFF) where PDFF is defined as the fraction of mobile protons attributable to
triglyceride fat relative to the total density of mobile protons that are MR visible.*°® To
address this, more advanced methods for separating water and fat signals have been
developed which consider these confounding factors. One such implementation of this
is pulse sequence and image reconstruction software known as GE’s (GE Healthcare,

Waukesha, WI) IDEAL-IQ (iterative decomposition of water and fat with echo
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asymmetry and least-squares estimation). The IDEAL-IQ approach uses multiple
asymmetrically spaced TEs and performs water-fat separation using an iterative least-
squares decomposition algorithm.®* This approach estimates and corrects for T2* decay,
models the spectral profile of fat as multiple peaks rather than a single peak, uses a low
flip angle to minimize T1 bias, and accounts for other confounding factors such as noise
bias, and eddy currents in its decomposition algorithm.®1-°4 IDEAL-IQ generates FF
maps as seen in Figure 4.2 in which the signal FF is equal to the PDFF, and thus the

signal intensity of each voxel is directly related to its fat content.

(4]
o
Fat Fraction (%)

Figure 4.2. IDEAL-IQ axial fat fraction map of the gluteal muscles.

Though this FF measure provides only a relative estimate of fat content which
may be affected by the presence of edema or fibrosis, it has been shown to strongly
correlate with MR spectroscopy and fat mass in several tissues including skeletal

muscle.889.% These images can then be segmented and muscle quality can be
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characterized as the average FF of the voxels in the segmented region. Additionally,

lean volume (LV) of each voxel can be calculated by subtracting the fat volume from the

voxel using the equation below, where v is the volume of the image voxel:

LVyoxet = (100 - FFvoxel) "V

Then, the sum of the LV of all voxels in the segmented region can be calculated
to determine overall LV of the muscle. IDEAL-IQ provides a method to evaluate both
muscle quality and muscle size with the ability to quantify not only the overall volume of

the muscle, but also its FF and LV.
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5 Muscle Quality in Hip Osteoarthritis

Thus far, OA and its affected tissues have been discussed in the context of both
the hip and knee joints. The focus of the remainder of this dissertation is the hip joint.
The hip is a ball and socket synovial joint formed by the articulation between the
acetabulum of the pelvis and the head of the femur. Currently, there is a paucity of
research investigating the relationship between muscle quality and hip OA. Given the
capacity for adipose tissue stored in the muscle to release proinflammatory mediators
and impair muscle function, there is a growing interest in the role of muscle structure

and function in the development, progression, and severity of hip OA.

5.1 Hip Abductor Muscles

The hip abductor muscles play a critical role in gait as they act to stabilize the hip
and pelvis in the frontal plane during single-limb stance.®’ This action generates an
internal abduction moment which balances the external hip adduction moment caused
by the external ground reaction force which acts medial to the hip joint.%® Pathology of
these muscles is implicated in the OA disease process, as individuals with hip OA

commonly demonstrate hip abductor weakness. %9100
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The gluteus medius (GMED), gluteus minimus (GMIN), and tensor fascia lata
(TFL) form the hip abductor muscle group (Figure 5.1). The GMED is the largest of the
hip abductors and accounts for approximately 70% of the total abductor volume.'°! The
GMED attaches proximally on the upper external surface of the ilium and distally to the
lateral and superior-posterior aspects of the greater trochanter.°?> The GMIN lies deep
and slightly anterior to the GMED, making up approximately 20% of the total abductor
volume.?! Its proximal attachment also arises from the external surface of the ilium and
it attaches distally on the anterior-lateral aspect of the greater trochanter. The GMIN
tendon has also been described as having attachments on the anterior and superior hip
joint capsule and may play a role in modulating capsule stiffness.%3 Both the GMED
and GMIN are multipennate muscles. The TFL is the smallest of the hip abductors,
making up approximately 10% of the total abductor volume.1%* The TFL arises from the
lateral aspect of the anterior superior iliac spine and attaches distally into the iliotibial

band which inserts on the lateral condyle of the tibia.

Gluteus Medius Gluteus Minimus Tensor Fascia Lata

Figure 5.1. lllustration of the hip abductor muscles. Insertion of iliotibial band on the
lateral condyle of the tibia not shown.
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5.2 Muscle Function and Joint Health

The mechanical loading environment of the joint plays an important role in the
development and progression of OA.'* The function of the joint as a load-bearing
structure is dependent on the structural and functional integrity of all its components
including articular cartilage and the periarticular muscles which act at the joint. As
discussed in Chapter 3, the primary function of muscles is to generate forces which
produce movement. In doing so, these forces press the articular surfaces together at
joints such as the hip. Thus, forces produced by muscles account for most forces
transmitted by the joint. In normal gait, muscles contribute to approximately 95% of the
resultant contact force acting at the hip with large contributions from the hip abductors—
primarily GMED—throughout the stance phase.'%*

Both underloading®>1% and overloading'®’1%® have been shown to contribute to
degenerative changes associated with OA. Intuitively, weakness of the hip abductor
muscles would be expected to reduce joint contact forces, as less force is generated by
the muscles and transmitted by the acetabulum and femoral head. However,
simulations of hip abductor muscle weakness in normal walking have demonstrated that
compensatory forces from other muscles may lead to increased joint contact forces in
the presence of weakness.'% Additionally, hip abductor weakness is thought to
contribute to a contralateral pelvic drop during single-limb stance resulting in a shift of
the body’s center of mass away from the stance limb. This shift may result in an
increased external hip adduction moment and increased loading of the hip joint.11°
Therefore, muscle weakness or impaired muscle function may contribute to abnormal

joint loading, potentially placing the joint at greater risk for OA-related degeneration.1?
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Given the capacity for adipose tissue stored within the muscle to metabolically and
mechanically impair muscle function and the close link between muscle quality and
muscle weakness!*?113 hip abductor muscle quality may be of great importance in
modulating the mechanical loading environment of the hip joint.

With increasing evidence that muscle quality may play a role in the function of
skeletal muscle in aging and disease processes,3”#4113.114 stydies have recently begun
to explore relationships between hip abductor muscle quality and hip OA. These studies
have primarily focused on establishing differences in hip abductor muscle size and fatty
infiltration between individuals with and without radiographically defined OA, and have
largely consisted of end-stage hip OA cohorts.40-43.115116 \Whijle several of these studies
have demonstrated increased fatty infiltration*°~2 and decreased muscle volume?#042.115
associated with radiographic and symptomatic hip OA, few studies have explored the
functional implications of hip abductor muscle quality on mobility and joint loading in hip
OA!?7 or relationships with cartilage health.'*® In individuals with knee osteoarthritis,
there is evidence that increased fatty infiltration of periarticular muscles may be
associated with worse physical function and mobility,3811° as well as cartilage
degeneration.3839120 Further research is needed to better understand the role hip
abductor muscle quality in hip OA, particularly in early-stage disease before the onset of
severe disability and disuse-related atrophy which may lead to secondary changes in

muscle quality.
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5.3 Muscle as a Modifiable Tissue

One of the primary drivers of muscle quality research in OA is its promise as a
potentially modifiable risk factor for disease. Several studies have demonstrated that
muscle quality may be modified through diet, exercise, or a combination of both.3” The
effects of exercise on muscle quality have been explored using various interventions
including low-intensity walking programs, high-intensity resistance training, and
combined aerobic and resistance training programs.21-124 The superiority of either
aerobic or resistance training for improving muscle quality remains unclear. Additionally,
whether muscle quality improvements observed with intervention are due to a loss of fat
mass, an increase in lean muscle mass, or a combination of both is not well-
understood. In a cohort of healthy adults, a reduction in vastus medialis fatty infiltration
associated with increased physical activity and weight loss has been linked to cartilage
volume preservation in the tibia and patella.'?® Though these findings are promising for
developing strategies aimed at preventing or slowing OA-related cartilage degeneration,
further research is needed to determine whether muscle quality is a significant risk
factor leading to the onset or progression of hip OA, or a consequence of disease that

results from disability and disuse.

27



6 Scientific Rigor

The work described in this dissertation utilized several methods—described in
detail in preceding and subsequent chapters—for evaluating muscle quality and size,
cartilage health, patient-reported outcomes, and physical function. This chapter

provides various metrics of validity and reliability for these methods.

6.1 Muscle Evaluation

In Chapters 7-10, muscle quality and size were quantified using IDEAL-IQ MRI.
Several studies have shown strong agreement between chemical shift-based water-fat
separated IDEAL-IQ MRI and MR spectroscopy.28959 |IDEAL-IQ MRI has also been
shown to produce FF estimates which are directly proportional to fat mass.®® Absolute
fat mass derived from IDEAL-IQ FF maps was compared to chemical assay and
showed strong correlation and agreement (r> = 0.98, slope = 1.01, intercept = 1.99¢,
mean difference = 2.17+3.409) with fat mass evaluated in several tissues (i.e., organs,
muscle, subcutaneous and visceral adipose tissue). Specifically in skeletal muscle, fat
mass derived from IDEAL-IQ MRI was strongly correlated with chemical assay (r? =
0.97, slope = 1.19, intercept = -2.84q). Scan-rescan reproducibility of FF from IDEAL-IQ

MRI has been evaluated in bone marrow of vertebral bodies, with coefficient of variation
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(CV) =0.86 + 0.25%.% As part of the work presented in this dissertation, reliability of
manual muscle segmentation was evaluated. Manual segmentation of GMED, GMIN,
and TFL was performed across all slices of the image volume from iliac crest to greater
trochanter by a single researcher in a sample of 5 subjects segmented on two separate
occasions more than two weeks apart. Intra-rater reliability was assessed using
intraclass correlation coefficient (ICC). ICC was determined to be 0.99, 0.97, 0.99 for
volume and 0.99, 0.94, 0.99 for FF of GMED, GMIN, and TFL, respectively. This
corresponds to a standard error of measurement (SEM) of 3.16 cm?®, 1.62 cm?, and 0.13
cm? for volumetric measures and 0.14%, 0.50%, and 1.17% for FF measures of GMED,

GMIN, and TFL, respectively.

6.2 Cartilage Evaluation

Semi-quantitative morphological grading of acetabular and femoral cartilage
lesions as described in Chapter 9 was performed using the SHOMRI scoring system.%6
SHOMRI has previously been validated against arthroscopic findings and showed a
sensitivity of 95.7% and a specificity of 84.8% for detecting cartilage lesions.®” Excellent
inter- (ICC = 0.93-0.98) and intra-reader (ICC = 0.91-0.94) agreement have been shown
for morphological joint features graded by SHOMRI.®®

Cartilage biochemistry was quantified using relaxation time mapping with fully
automatic segmentation in Chapter 10. Reproducibility for relaxation time mapping is
given by the CV which represents the short-term precision of this technique. The CV of
the combined region of the femoral head and acetabulum mean relaxation times ranges

from 2.03 to 5.89% for T1p and T2, respectively.126
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6.3 Physical Function

Mobility and physical function were evaluated in Chapter 8 using measures
including 30-second chair rise test (30CRT) and 12-step stair climb test (SCT). These
protocols have been previously described and utilized as clinically meaningful measures
of mobility and function in individuals with lower extremity OA.*?"128 The 30CRT has
been shown to have excellent reproducibility, with intra- and inter-rater ICC of 0.94 and
0.92, respectively.'?® Similarly, excellent test-retest reliability has been demonstrated for

SCT in patients with total hip arthroplasty with ICC = 0.98.1%0

6.4 Gait Biomechanics

In Chapter 10, gait biomechanics were evaluated by three-dimensional (3D)
motion analysis performed using optoelectronic stereophotogrammetry in which infrared
cameras track the 3D position of a set of retroreflective markers placed on the body.
The 3D coordinates of each marker were reconstructed based upon data from two or
more cameras. Instrumentation noise error of the system is estimated between 0.5, 0.8,
and 2 mm in the X, Y, and Z directions.*®! Soft tissue artifact was mitigated using rigid
marker clusters and bony landmarks. Within our research group, intra-rater reliability
was evaluated. This measure of reliability takes into consideration both system error
and marker placement error. Hip joint angle SEM was found to be 1.56°, 1.01°, and
0.71° for X, Y, and Z, respectively. Hip joint moment SEM was 0.13 Nm-kg, 0.15

Nm-kg, and 0.08 Nm-kg™ for X, Y, and Z, respectively.
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6.5 Strength

Maximal isometric hip abduction strength testing as described in Chapter 10 was
performed according to a previously described standardized protocol which was shown
to be valid and reliable for assessing unilateral hip abductor strength.'32 This protocol
involves placing the subject in a side-lying position with the hip in neutral alignment with
the axis of the dynamometer aligned with the hip joint center in the frontal plane. Test-

retest reliability for this protocol in terms of CV is shown to be 3.7% with ICC of 0.90.1%?

6.6 Patient-Reported Outcomes

The Hip disability and Osteoarthritis Outcome Score (HOOS) questionnaire was
used to evaluate patient-reported pain and disability as described in Chapter 8. HOOS
subscales have been compared to various metrics of hip-related pain and disability such
as the Short Form 36, the Oxford Hip Score, the Lequesne Index, and the visual analog
scale and have shown good construct validity.133-13> HOOS test—retest reproducibility

evaluated using ICC has been shown to range from 0.75 to 0.97.136
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7 Automatic Evaluation of Hip Abductor Muscle

Quality and Size in Hip Osteoarthritis

7.1 Introduction

The primary hip abductors, consisting of the gluteus medius (GMED), gluteus
minimus (GMIN), and tensor fascia lata (TFL), act to stabilize the pelvis relative to the
femur during single-limb stance phase of gait and account for most of the compressive
force generated between the femoral head and acetabulum during this phase.193104
Several studies have found evidence of hip abductor muscle atrophy characterized by
decreased muscle size and increased fatty infiltration in individuals with hip
osteoarthritis (OA).40-43.115.116 Gjyven the critical role of the hip abductors in controlling
loading at the hip joint, atrophy or dysfunction of these muscles is a growing area of
interest for better understanding the development and progression of hip OA.

Fatty infiltration of skeletal muscle has been linked to mobility impairment and
functional deficits.38114.11° Thus, fatty infiltration has come to be described by the term
“‘muscle quality”, with worse muscle quality indicated by greater fatty infiltration. Despite
a growing body of work demonstrating the negative implications of fatty infiltration and

muscle atrophy, few studies have quantitatively evaluated muscle quality and size of the
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hip abductors in individuals with hip OA. Additionally, due to the time-intensive nature of
muscle evaluation which involves laborious manual segmentation of periarticular tissues
in 3D medical images, limited research has characterized fatty infiltration and muscle
size throughout the entire length of the hip abductors. To save time and allow for large
cohort analyses, many studies elect to use abbreviated methods which may involve
semi-quantitative or quantitative evaluation of the muscle over only a few slices of the
image volume. Recent work has shown that muscle quality varies along the length of
the hip abductors.'37:138 However, it is unclear whether specific regions of these muscle
are affected in hip OA and, in the case of methods which analyze only a subset of the
muscle volume, which regions of the muscle might be most useful for estimating fatty
infiltration of the overall muscle. Thus, the time required to segment muscle and
variability of muscle quality and size across the length of the muscle present significant
barriers to clinical adoption of these emerging biomarkers. Automation of the muscle
segmentation process will allow for a better understanding of the role of muscle quality
in disease and could greatly enhance translation of muscle quality metrics to clinical
practice.

As emerging disease biomarkers such as fatty infiltration are identified, the need
for extracting quantitative information from 3D medical images is growing. Advanced
techniques such as deep learning enable extraction of image features and can be used
to develop automatic segmentation methods for magnetic resonance imaging (MRI).13°
Convolutional neural networks (CNNs) are a type of deep learning algorithm which do
not require manual feature extraction and have shown excellent performance for

automatic image classification and segmentation.'4%14! Therefore, the goal of this study
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was to develop an automatic hip abductor segmentation method using deep learning
which would enable automatic estimation of GMED, GMIN, and TFL fatty infiltration and
muscle volume throughout the length of the muscles in individuals with hip OA.
Additionally, we aimed to identify the regions of these muscles which may provide best
estimates of overall muscle fatty infiltration to inform future studies with limited ability to

evaluate the full muscle.

7.2 Methods

7.2.1 Study Participants

Forty-four participants with and without varying degrees of mild-to-moderate
radiographic hip OA were randomly selected from an ongoing longitudinal study. All
subjects signed informed consent as approved by our institution’s Committee on Human
Research. Participation eligibility was determined at baseline using Kellgren-Lawrence
(KL) grading.®? KL grading was performed by a musculoskeletal radiologist on bilateral
anterior-posterior and lateral radiographs. Exclusion criteria included end-stage OA (KL
= 4), contraindications to MR, history of hip surgery, hip trauma within the previous 3
months, joint replacement of any lower extremity joint, pain or OA of any other lower
extremity joint, self-reported inflammatory arthritis, and immobility or assistance

requirements that limit the ability to walk.

7.2.2 MR Image Acquisition

Unilateral hip MR images were acquired using a 3.0T MR scanner (GE

Healthcare, Waukesha, WI) with a 32-channel cardiac coil (GE Healthcare, Waukesha,
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WI). Coverage area was prescribed from the iliac crest to the greater trochanter using a
3-plane gradient echo localizer. Muscle MR sequences (Table 7.1) included axial Ti-
weighted fast spin echo and 3D axial Iterative Decomposition of water and fat with Echo
Asymmetry and Least-squares estimation (IDEAL-1Q)%:°3 spoiled gradient-recalled echo
(SPGR) with multi-peak fat spectrum modeling and single T2* correction.4? T1-weighted
images and IDEAL-IQ fat fraction (FF) maps were then used for muscle segmentation,
and FF and volume were quantified on the FF maps.

Table 7.1. Magnetic resonance sequences and acquisition parameters.

MR Sequence Acquisition Parameters

3-plane gradient echo -

Axial T1-weighted FSE TR/TE=785/8.9ms, ETL=2, FOV =16 x 16 cm, matrix
size =288 x 224, slice thickness =6 mm

3D IDEAL-IQ SPGR TR =9.3ms, ETL =2, number of echoes =6, FA=3, FOV =
16 x 16 cm, matrix size =192 x 192, slice thickness =6 mm

MR, magnetic resonance; FSE, fast spin echo; 3D, three-dimensional; IDEAL-IQ,
Iterative Decomposition of water and fat with Echo Asymmetry and Least-squares
estimation; SPGR, spoiled gradient recalled echo; TR, repetition time; TE, echo time;
ETL, echo train length; FOV, field of view; FA, flip angle

7.2.3 Manual Muscle Segmentation

Manual segmentation of GMED, GMIN, and TFL was performed on all slices of
Ti-weighted images from iliac crest to greater trochanter in 44 hip MR image volumes.
Borders of the muscles were traced with image segmentation software developed in-
house using MATLAB (MathWorks, Natick, MA). Segmentation masks were then
transferred to volumetric FF maps. Manual segmentation was performed by a single
trained researcher. Intra-rater reliability of muscle segmentations was evaluated in a
sample of 5 subjects segmented on two separate occasions more than two weeks apart

using intraclass correlation coefficient (ICC). ICC was determined to be > 0.94 for FF
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and volumetric measures of GMED, GMIN, and TFL. Time-to-segment all muscles on a
single image volume ranged from 2-3 hours per volume depending on number of slices

acquired from iliac crest to greater trochanter.

7.2.4 Automatic Segmentation Network

The 44 manually segmented FF maps and their corresponding muscle masks
were divided into training (29 volumes), validation (8 volumes), and testing (7 volumes)
sets, ensuring no significant differences in age, gender, body mass index (BMlI), or
proportion of individuals with (KL = 2) and without (KL < 2) radiographic hip OA across
the splits. The dataset was used to train and validate a 3D V-Net CNN.? In this
approach, a 3D V-Net is trained end-to-end on MR image volumes, and the network
learns to generate voxel-wise prediction masks for the entire image volume at once.
The test set was treated as a holdout dataset which was never used for network
optimization and served only as a measure of final network performance. Image
volumes and muscle masks were augmented to train the model to be invariant to
anatomical heterogeneity in muscle shape and size. Augmentation transforms were
randomly applied to images and their corresponding masks and included various
combinations of 3D rotation, 3D affine deformation, and 3D B-spline deformations. To
train the 5-level V-Net comprising 1, 2, 3, 3, and 3 consecutive convolutions per level, a
combination of weighted cross-entropy (class weights = 0.85, 1, 2, 0.005 for tissue
GMED, GMIN, TFL, and background, respectively) with Dice loss minimized, using
Adam optimizer, learning rate = 1x10*%, 0.05 dropout probability and batch size =1.

Training to convergence required 92 epochs for 15 hours on an NVIDIA Titan X GPU
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(NVIDIA, Santa Clara, CA) and was implemented in Python 3.6.5 utilizing TensorFlow
v1.8.0 (Google, Mountain View, CA).

To train the V-Net, labeled FF map image volumes were used as input to the V-
Net and the network generated a corresponding 4-class prediction mask for GMED,
GMIN, TFL, and background on each of the input image slices. All prediction masks
automatically generated by the model underwent post-processing in MATLAB 2020b
which involved removal of extra pixels from the mask by keeping only the largest
connected component, extraction and dilation of the perimeter of the mask using a
structuring disk element (radius = 1), and any remaining holes in the mask were filled.
The final trained segmentation network allows for input of unlabeled IDEAL image
volumes and automatically outputs prediction masks for GMED, GMIN, and TFL which

then undergo post-processing (Figure 7.1).

INPUT
OUTPUT

Post-Processing

-> Erode extra pixels
-> Dilate perimeter
- Fill holes

-~ .1 Generate Masks
* 3D V-Net |

Figure 7.1. Processing pipeline for automatic muscle segmentation using the 3D V-Net
showing steps from input of unlabeled images to output of fully segmented images.
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7.2.5 Muscle Fat Fraction and Volume Quantification

For manually and automatically segmented image volumes, the overall FF and
volume in the segmented region of each muscle was quantified. FF was calculated by
taking the average signal intensity of the FF map in the segmented region. Total volume
of each muscle was calculated by taking the sum of the segmented cross-sectional area
(CSA) of each slice multiplied by slice thickness where CSA was the sum of all the

pixels in the segmented region multiplied by pixel spacing.

7.2.6 Characterization of Axial FF and CSA Across Muscle Length

Using methods previously described,**” FF and CSA were characterized across
the length of the muscle from proximal to distal in all 44 manually segmented image
volumes. This was performed by normalizing the length of each muscle to 101 points.
With this approach, axial profiles of slice-wise muscle FF and CSA are generated in
which 0% represents the most proximal aspect of the muscle and 100% represents the
most distal aspect of the muscle. Mean FF and muscle CSA were determined at each

slice and approximated at every 1% of the muscle length using spline interpolation.

7.2.7 Statistical Analysis

Differences in demographics and group characteristics for training, validation,
and test sets were evaluated using one-way analysis of variance (ANOVA) for
continuous variables and Chi-square test for dichotomous variables. All evaluations of
network performance were performed on the holdout test set. Descriptive statistics were
used to evaluate spatial overlap between manual and automatic segmentation. This

was quantified with the Dice similarity coefficient using the equation below where T is
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the ground truth manual segmentation map and P is the predicted segmentation map
generated by the network.143

2|T n P|
IT| + |P|

Dice =

Agreement between the manual and automatic FF and volume of each muscle
was evaluated using Pearson’s correlation and Bland-Altman4 plots in R Studio v4.0.2
(R Core Team, Vienna, Austria). Statistical Parametric Mapping (SPM) was then used
to evaluate locations across the length of the muscle at which the axial FF was
significantly associated with and most strongly associated with overall muscle FF. SPM
is a topological data analysis technique in which hypothesis testing is performed at each
point along a 1-dimensional curve. Using this approach, a linear regression was
performed in MATLAB 2020b using open source spmld code [SPM spmld version 0.4;
http://www.spm1d.org]).2® At each 1% of the length of the muscle, a t-statistic,
correlation coefficient, and corresponding P-value was output to determine locations of
the muscle from proximal to distal at which axial FF was most strongly associated with

overall FF. A higher t-statistic indicates greater confidence in the ability of axial FF to

predict overall FF. A P-value < .05 was considered significant.

7.3 Results

7.3.1 Demographic Data

Demographics and group characteristics for training, validation, and test groups are
shown in Table 7.2. No significant differences were found in age, sex, BMI, or

proportion of radiographic OA cases included between groups.
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Table 7.2. Demographics and characteristics for training, validation, and test sets.

Train Val Test P
(N =29) (N=28) (N=7) Value

Age, years (Mean = SD) 52.2+16.8 51.9+17.0 55.6 £13.6 .879

Male:Female (N) 9:20 3:5 2:5 .923*
BMI, kg/m? (Mean + SD) 23.6 +3.6 24.1+3.9 23.9+2.6 .935
OA:Control (N) 15:14 2:6 3:4 401

*P-value from Chi-square test. BMI, body mass index; OA, osteoarthritis (Kellgren-
Lawrence grade = 2); train, training group; val, validation group; test, testing group.

7.3.2 Automatic and Manual Segmentation Comparison

The automatic segmentation network resulted in a mean Dice coefficient of 0.94,
0.87, and 0.91 for GMED, GMIN, and TFL, respectively. An example of side-by-side
manual and automatic segmentation masks across all axial slices of the IDEAL FF

image volume can be seen in Figure 7.2.

Manual Auto Manual Auto Manual Auto Manual Auto Manual Auto

Figure 7.2. Comparison of manual and automatic muscle segmentation. Manual and
automatic segmentation masks generated by the 3D V-Net are shown overlaid on the
IDEAL-IQ sequence fat fraction maps. Gluteus Medius (GMED) is shown in teal, gluteus
minimus (GMIN) in magenta, and tensor fascia lata (TFL) in dark yellow.
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Correlations between manual and automatic segmentation methods are shown in
Figure 7.3. FF and volume measures derived from manual and automatic segmentation
methods were strongly correlated and all relationships were statistically significant. For
FF measures, Pearson’s correlations coefficients were 0.99, 0.92, and 0.99 for GMED,
GMIN, and TFL, respectively. For total muscle volume, Pearson’s correlations
coefficients were 0.99, 0.98, and 0.95 for GMED, GMIN and TFL, respectively. Bland-
Altman agreement plots for manual and automatic FF and volume measures are shown
in Figure 7.4. The 95% upper and lower limits of agreement and mean absolute
differences for all measures are shown in Table 7.3. All values fell within the limits of
agreement.

Table 7.3. Bland-Altman agreement between fat fraction and volumetric measures
derived from manual and automatic segmentation methods.

95% Limits of Agreement Mean Absolute
Lower Upper Difference

Fat Fraction (%)

GMED -0.52 151 0.50
GMIN -1.99 1.93 0.68

TFL -1.25 2.89 1.06
Volume (cm?)

GMED -9.79 17.43 6.16
GMIN -7.23 4.52 2.74

TFL -3.81 3.45 141

GMED, gluteus medius; GMIN, gluteus minimus; TFL, tensor fascia lata.
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Figure 7.3. Correlation between manual and automatic segmentation for (left) fat

fraction and (right) volume measures. (Top) gluteus medius, (middle) gluteus minimus,

and (bottom) tensor fascia lata.
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Figure 7.4. Bland-Altman agreement between manual and automatic segmentation for
(left) fat fraction and (right) volume measures. (Top) gluteus medius, (middle) gluteus
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plotted on the x-axis and the difference between measures is plotted on the y-axis.
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7.3.3 Associations of Axial Fat Fraction with Overall Fat Fraction

Localized associations of mean axial FF with overall FF were evaluated using
SPM (Figure 7.5) in 44 subjects (age 52.7 + 16.1 years, BMI 23.7 + 3.4 kg/m?, 14
males). Across the length of the muscle, axial FF was significantly associated with
overall FF at all portions of the GMED, GMIN, and TFL except for a small region of the
distal GMIN. In GMED, the correlation coefficient was highest at 50% the length of the
muscle with r = 0.94. In GMIN, the correlation coefficient was highest at 50% with r =
0.93 and in TFL at 65% with r = 0.97. T-statistics were similarly high in these regions

indicating greater confidence in associations at these points.
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Figure 7.5. Characterization of muscle fat fraction (FF) [red] and cross-sectional area
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with overall FF are shaded in grey with corresponding P-values. Regions with highest

correlation coefficient for predicting overall FF from axial FF are shown with a blue bar
on the CSA-FF plots and red asterisk on the SPM-Regression plots.
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7.4 Discussion

In this study, we developed an automatic segmentation network that allows for
streamlined estimation of hip abductor muscle quality and size across a large image
volume in individuals with and without radiographic hip OA. Our data suggest that the
FF and volumetric measurements derived from automatic segmentation were highly
correlated and showed strong agreement with manual methods. This network provides
estimation of GMED and GMIN FF and volume from muscle origin to insertion. While
the full length of the TFL muscle belly was not acquired in our imaging protocol, this
network allows for automatic segmentation of all available slices of TFL at or above the
level of the greater trochanter. Additionally, we characterized FF and CSA from proximal
to distal ends of the hip abductors and found regions of the muscle which may be most
useful in estimation of overall muscle quality using only a subset of axial image slices.

Previous work by Tibrewala et al demonstrated strong performance of an
automatic segmentation network for evaluation of GMED, GMIN, and TFL FF and
volume across 6 consecutive slices of IDEAL FF image volumes.1!® This previous study
showed Dice performance of 0.90, 0.88, 0.91 for GMED, GMIN, and TFL, respectively.
Additionally, the previously described 6-slice network had 95% upper and lower limits of
agreement of [-2.1%, 3.5%] for FF and [-7.5 cm?3, 10 cm?] for volume. Our results
showed very similar performance in both spatial overlap and Bland-Altman agreement
using all available image slices which ranged from 16 to 24 slices depending on subject
size. However, given that our network evaluated muscle size over a much larger volume
of muscle, the volumetric discrepancy of our network may provide size estimation

superior to that of previous work. Our results demonstrate that similarly strong
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performance for estimating hip abductor FF and volume can be achieved while
capturing a large volume of the hip abductor muscles.

Recent work has demonstrated that hip abductor fatty infiltration is variable
across the length of the muscle from proximal to distal,'3713 and that specific regions of
these muscles may be more responsive to exercise interventions3’. Our work similarly
demonstrates variability in fatty infiltration across the length of the muscle, with fatty
infiltration generally decreasing from proximal to distal in GMED, GMIN, and TFL. These
results highlight the utility of our segmentation network which is capable of estimating
muscle quality across the length of the hip abductors in an efficient and fully automatic
manner. This segmentation network may serve to further research aimed at better
understanding aging and disease processes which lead to localized changes in fat
distribution across the length of the hip abductor. Furthermore, this segmentation
network will accelerate our understanding of the role of hip abductor muscle quality in
hip OA and make clinical translation of these findings more viable.

While automatic segmentation provides the ability to rapidly estimate overall FF
and muscle volume, acquisition and segmentation of the full length of the hip abductors
may not be feasible for all studies aiming to evaluate muscle quality in individuals with
hip OA. Therefore, we examined regions of the muscle which provide the greatest
predictive ability for estimating overall muscle quality. These data may inform studies
wishing to select a small subset of slices of the hip abductors to evaluate overall muscle
guality. Our results indicate that for GMED and GMIN muscle quality estimation, FF of
axial cross-sections at 50% the length of the muscle is strongly associated with overall

muscle quality. The large CSA of the muscles in these regions may provide less error in
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segmentation and better estimation of overall muscle quality. Given that the imaging
volume used to capture the full length of GMED extends beyond the origin of GMIN, the
50% points for GMED and GMIN correspond to different slices within the image volume
for each muscle. In the TFL, regions of the muscle with the best predictive ability for
estimating overall muscle quality may correspond to smaller, more proximal cross-
sections of the muscle rather than the larger, more distal region. These data suggest
that slice selection should be tailored to the individual muscle being evaluated, as a
one-size-fits-all approach may not provide best estimates of overall muscle quality.
Limitations of this study should be considered. First, our cohort consisted of
individuals with relatively healthy BMI and excluded those with end-stage hip OA. Hip
abductor fatty infiltration has been shown to be BMI-dependent!#¢ and greater atrophy
of these muscles has been associated with clinical severity of disease.'*’ Therefore, the
performance of this segmentation network may not be generalizable to individuals with
higher BMI or more severe disease. Additionally, TFL muscle quality was characterized
in only a portion of the muscle, as the MR coverage area used in this study does not
capture the full TFL muscle belly distal to the greater trochanter. Thus, the performance
of this segmentation network on the full volume of TFL has not been tested.
Furthermore, regions of the TFL which showed strongest association with overall
muscle quality are reported relative to the length of muscle acquired. Further research is
needed to fully characterize overall TFL muscle quality throughout the entire length of
the muscle and determine regions of the muscle which provide best estimates of overall

muscle quality.
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7.5 Conclusions

These results demonstrate that hip abductor FF and volume can be accurately
estimated across nearly the entire muscle length without requiring time-intensive
manual segmentation. The ability to automatically estimate hip abductor muscle quality
will allow future studies to further explore relationships between muscle quality and joint
health in large cohorts of individuals with hip OA, where the time cost of manual image
segmentation would otherwise be prohibitive. For studies in which automatic
segmentation is not possible and an abbreviated approach is adopted, our results
provide evidence that specific regions of the GMED, GMIN, and TFL can be selected to

estimate overall muscle quality.
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8 Hip Abductor Muscle Quality is Associated
with Symptomatic and Functional Disease

Severity in Hip Osteoarthritis

8.1 Introduction

Osteoarthritis (OA) is a leading cause of disability worldwide, with over 27 million
US adults estimated to have clinically-defined OA.? Hip OA is a highly debilitating form
of disease given its impact on weight-bearing joints in which severe pain may limit basic
daily activities.? It is estimated that one in four people will develop hip OA by the age of
85.148 Current treatment approaches for OA are limited and primarily aim to reduce pain
and disability while minimizing progression of structural degeneration.*° Identification of
biomarkers associated with structural and symptomatic OA severity is necessary in
order to develop more effective treatment strategies which target factors that lead to
OA-related physical and functional decline.

It is well-established that individuals with hip OA have weak hip
abductors.100.150.151 This muscle group, consisting of the gluteus medius (GMED),

gluteus minimus (GMIN), and tensor fascia lata (TFL), plays a critical role in stabilizing
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the pelvis during functional tasks—particularly during activities which involve single-limb
stance.®’” There is also evidence of increased fatty infiltration and decreased muscle
size of the hip abductors in individuals with hip OA compared to controls.*142:152 Fatty
infiltration of skeletal muscle is a growing area of interest in OA research, as adipose
tissue within the muscle has been linked to muscle dysfunction and mobility
impairment.37:38.114.119 Accumulation of adipose tissue within the muscle is thought to
limit the contractile capacity of the muscle by altering mechanical and metabolic
properties of the surrounding muscle fibers.3"1%2 Thus, individuals with higher ratios of
adipose to lean tissue are described as having worse muscle quality.

Currently, evidence is sparse relating hip abductor muscle quality and size to
measures of structural disease severity and functional deficits. Previous work has been
limited by the inclusion of individuals with end-stage (severe) hip OA and by the use of
coarse semi-quantitative measures of fatty infiltration which have been shown to lack
sensitivity for differentiating subjects with varying levels of fatty infiltration.38284
Additionally, previous work that has reported muscle size in hip OA has used muscle
volume measurements which include both muscle and adipose tissue, and have not
isolated lean, contractile tissue. While data suggest that muscle quality and size are
associated with hip abductor strength,*® evidence is lacking regarding the impact of
these measures on overall patient function. Given that muscle quality and size have
been shown to be modifiable through exercise intervention,3”37 there is a significant
need for data evaluating the relationship of muscle quality and size with structural and
functional disease outcomes. This research is specifically needed in individuals with

mild-to-moderate disease, a population in which modification of OA risk factors may be
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most effective at slowing disease progression. Furthermore, sensitive measures which
can differentiate between and quantify contractile lean muscle and non-contractile
adipose tissue are needed to better understand the process of muscle atrophy in mild-
to-moderate hip OA.

Therefore, the aim of this study was to examine the relationships of quantitatively
measured hip abductor muscle fatty infiltration and lean volume with radiographic OA
severity as well as patient-reported and physical function in individuals with mild-to-

moderate hip OA.

8.2 Methods

8.2.1 Study Participants

Participants were recruited from the community as part of an ongoing study on
progression of hip OA. All subjects signed informed consent as approved by our
institution’s Committee on Human Research. Participation eligibility was determined at
baseline and required participants have either no signs of radiographic hip OA
(Kellgren-Lawrence [KL] grade 0) or have evidence of mild-to-moderate hip OA (KL
grade 1-3), excluding participants with end-stage hip OA (KL grade 4).6? KL grading was
performed by a trained musculoskeletal radiologist on bilateral anterior-posterior and
lateral hip screening radiographs. Additional exclusion criteria included contraindications
to MRI, history of hip surgery, hip trauma within the previous 3 months, joint
replacement of any lower extremity joint, pain or OA of any other lower extremity joint,
self-reported inflammatory arthritis, and immobility or assistance requirements that limit

the ability to walk. Because muscle imaging was not consistently performed at each visit
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for all participants, cross-sectional data were selected from multiple years of the study
(1-year, 2-year, and 3-year follow-up) based upon the earliest timepoint at which
complete muscle imaging and functional outcome data were available. However, only
one set of images (bilateral hips when available) and outcome data were included for a

single subject.

8.2.2 Self-Reported and Physical Function

Patient-reported function was evaluated using the Hip Disability and
Osteoarthritis Outcome Scores (HOOS) questionnaire.'3 The HOOS questionnaire
evaluates five subscales of hip-related disability including pain, symptoms, activities of
daily living (ADL), quality of life (QOL), and recreation function (Sport) on a scale from
0-100 with lower scores indicating worse patient-reported disability. This has been
shown to be a valid, responsive measure of hip-related disability in the OA
population.'33 Physical function was evaluated using (1) the stair climb test (SCT) that
records the time to ascend and descend a set of 12 stairs and (2) the 30-second chair
rise test (30CRT) in which participants are instructed to stand from a seated position as
many times as possible in 30 seconds and the number of repetitions is measured.
These protocols have been previously described and utilized as clinically meaningful

measures of mobility and function in individuals with lower extremity OA 127128

8.2.3 Imaging Procedures

Hip MR images were obtained using a 3.0T MR scanner (GE Healthcare) with a
32-channel cardiac coil (GE Healthcare). A 3-plane gradient echo localizer was used to

identify the greater trochanter and iliac crest and prescribe the coverage area. Muscle
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MR images (Table 1) were acquired using a 3-dimensional (3D) axial Iterative
Decomposition of water and fat with Echo Asymmetry and Least-squares estimation
(IDEAL-1Q)%%®3 spoiled gradient-recalled echo (SPGR) sequence (repetition time
[TR]=9.3 ms, echo train length = 2, number of echoes =6, flip angle = 3°, matrix
size = 256 x 256, slice thickness =6 mm, field of view = 22 cm) using multi-peak fat
spectrum modeling and single T2* correction.'#? Fat fraction (FF) maps in which the
signal intensity of each voxel represents the percentage of fat in that voxel were

generated online and used for further image analysis.

8.2.4 Image Analysis

Muscle segmentation was performed on FF maps using the automated hip
abductor muscle segmentation network previously described and validated in Chapter
7. This network automatically segments the GMED, GMIN, and TFL on all available
image slices. All segmentations generated by the network underwent post-processing
using MATLAB 2020b (MathWorks, Natick, MA). Post-processing involved removing
extra pixels from the mask by keeping only the largest connected component, extracting
and dilating the perimeter of the mask using a structuring disk element (radius = 1), and
filling holes within the mask.

Muscle quality was evaluated by determining the overall FF of each segmented
muscle throughout the FF map image volume. The FF of each muscle was calculated
by taking the average signal intensity of the FF map in the segmented region across all

slices of the image volume.
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Muscle size was evaluated by computing the total lean volume (LV) of each
muscle. First, lean cross-sectional area (CSA) of each slice was calculated by
multiplying the number of pixels in the segmented region by pixel size, subtracting the
fat area. Next, lean CSA was summed across all slices and multiplied by slice thickness

to obtain a measure of LV.

8.2.5 Statistical Analysis

Generalized estimating equations (GEE) were used to evaluate relationships of
muscle FF and LV with KL grade, HOOS scores, and functional tasks. GEE methods
were selected for their ability to account for correlation of data from bilateral hips within
the same subject.>* For evaluating associations with KL grade, separate models were
built for GMED, GMIN, and TFL FF and LV with muscle metric as the outcome variable
and age, sex, body mass index (BMI), and KL grade as explanatory variables. For
evaluating relationships with patient-reported outcomes and functional performance, the
effect of muscle quality and size on HOOS and function was of interest. Therefore, GEE
models were built with HOOS scores, SCT, or 30CRT as the outcome variables and
GMED, GMIN or TFL FF and LV as the explanatory variables. Age, sex, and BMI were
also included in the models as covariates. All statistical analyses were performed in R
Studio v4.0.2 (R Core Team, Vienna, Austria) and a P-value < .05 was considered

statistically significant.
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8.3 Results

8.3.1 Demographics and Characteristics

A total of 85 hips from 48 participants were included in this study (37 bilateral
cases and 11 unilateral cases). Participants had an average age of 52.7 £ 14.9 years,
BMI of 24.2 + 3.4 kg/m?, and consisted of 32 hips from males (38%). The cohort
consisted of 21 hips with radiographic KL grade 0, 38 hips with KL grade 1, 13 hips with
KL grade 2, and 13 hips with KL grade 3. Demographics and characteristics are shown
in Table 8.1. Of the 26 hips included with radiographic OA (KL = 2), 20 had bilateral OA.

Table 8.1. Group Demographics and Characteristics (N = 48, 85 hips).

Characteristic Value
Demographics Age (years) 52.7£14.9
Sex (% Male) 38
BMI (kg/m?) 242 +3.4
HOOS Pain 92.2+11.8
Symp 90.9+10.9
ADL 955+79
QOL 88.2+14.8
Sport 90.6 £13.8
Fat Fraction (%) GMED 551+1.7
GMIN 9.0+35
TFL 50£25
Lean Volume (cm?) GMED 229.1 £56.5
GMIN 71.1+16.0
TFL 19.1+£7.4

Values are mean = SD unless otherwise specified. BMI, body mass index; HOOS, Hip
Disability and Osteoarthritis Outcome Score; Symp, Symptoms; ADL, activities of
daily living; QOL, quality of life; Sport; sport and recreation; GMED, gluteus medius;
GMIN, gluteus minimus; TFL, tensor fascia lata; OA, osteoarthritis.
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8.3.2 Relationships of Muscle Quality and Size with KL Grade

Results from GEE analyses for KL grade are shown in Table 8.2. After adjusting
for age, sex, BMI, and within-subject factors, KL score was not significantly associated
with FF or LV of any muscle. The distribution of FF and LV for GMED, GMIN, and TFL
based on KL groups is shown in Figure 8.1.

Table 8.2. Results from generalized estimating equations for association of KL grade
with muscle fat fraction and lean volume adjusted for age, sex, and BMI.

95% Wald ClI Wald Chi-

B Std. Error Lower Upper Squared P-Value

Fat Fraction

GMED 0.097 0.0885 -0.076 0.271 1.21 270
GMIN -0.048 0.2370 -0.512 0.417 0.04 .840
TFL -0.210 0.2698 -0.738 0.319 0.60 437
Lean Volume

GMED 2.747 3.5940 -4.300 9.790 0.58 445
GMIN 1.594 1.4240 -1.200 4.380 1.25 .263
TFL 0.695 0.5186 -0.321 1.712 1.80 .180

Bold indicates statistical significance at p < .05. GMED, gluteus medius; GMIN,
gluteus minimus; TFL, tensor fascia lata

8.3.3 Relationships of Muscle Quality and Size with HOOS

Results from GEE analyses for HOOS scores are shown in Table 8.3. GMED FF
(B =-2.577, P =.003), GMIN FF (B =-0.981, P = .021), and TFL FF (B =-1.109, P =
.017) were significantly negatively associated with HOOS symptoms. GMED FF (8 = -
3.029, P =.048) was also significantly negatively associated with HOOS QOL. GMED
LV showed significant negative associations with HOOS pain (B =-0.221, P =.022).
GMED LV (B = -0.088, P =.019), GMIN LV (B = -0.285, P = .022), and TFL LV (B = -

0.503, P =.021) were negatively associated with HOOS QOL.
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Table 8.3. Results from generalized estimating equations for associations of muscle fat
fraction and lean volume with HOOS adjusted for age, sex, and BMI.

Fat Fraction

Lean Volume

B (95% ClI) P- B (95% ClI) P-Value

HOOS Pain

GMED -1.750 (-3.621, 0.121) .067 -0.052 (-0.118, 0.014) 124
GMIN -0.714 (-1.518, 0.091) .082 -0.221 (-0.41, -0.032) .022
TFL -0.617 (-1.842, 0.607) 320 -0.244 (-0.594, 0.107) 170
HOOS Symp

GMED -2.577 (-4.277, -0.877) .003 -0.061 (-0.123, 0.002) .057
GMIN -0.981 (-1.817, -0.145) .021 -0.151 (-0.360, 0.057) 155
TFL -1.109 (-2.020, -0.200) .017 -0.254 (-0.611, 0.104) 165
HOOS ADL

GMED -1.003 (-2.63, 0.624) 230 -0.018 (-0.057, 0.021) .360
GMIN -0.287 (-0.943, 0.369) 391 -0.076 (-0.204, 0.052) 244
TFL 0.132 (-0.635, 0.900) 735 -0.055 (-0.314, 0.203) .675
HOOS QOL

GMED -3.029 (-6.026, -0.033) .048 -0.088 (-0.162, -0.014) .019
GMIN -0.701 (-1.693, 0.292) 166  -0.285 (-0.529, -0.040) .022
TFL -0.791 (-2.386, 0.803) 331  -0.503 (-0.931, -0.074) .021
HOOS Sport

GMED -1.201 (-4.200, 1.800) 430 -0.038 (-0.108, 0.032) 290
GMIN 0.158 (-0.909, 1.225) T71 -0.153 (-0.381, 0.075) 187
TFL 0.155 (-1.080, 1.390) .810  -0.307 (-0.696, 0.082) 120

Bold indicates statistical significance at P <.05. GMED, gluteus medius; GMIN,
gluteus minimus; TFL, tensor fascia lata; HOOS, Hip Disability and Osteoarthritis
Outcome Score; Symp, Symptoms; ADL, activities of daily living; QOL, quality of life;
Sport; sport and recreation.

8.3.4 Relationships of Muscle Quality and Size with Physical Function

Results from GEE analyses for physical function outcomes are shown in Table

8.4. GMED FF was significantly positively associated with SCT ( = 0.642, P =.002).

GMED FF (B = -1.5, P = .002) and GMIN FF (B = -0.243, P = .03) showed significant
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negative associations with 30CRT (Figure 8.2). TFL FF and LV of all muscles were not

significantly associated with any physical function outcomes.

Table 8.4. Results from generalized estimating equations for associations of muscle fat
fraction and lean volume with physical function adjusted for age, sex, and BMI.

Fat Fraction

Lean Volume

B (95% ClI) P-Value B (95% ClI) P-Value

SCT

GMED 0.642 (0.241, 1.043) .002 -0.009 (-0.025, 0.006) .218
GMIN 0.133 (-0.002, 0.268) .053 -0.032 (-0.072, 0.009) .124
TFL -0.030 (-0.249, 0.190) 791 -0.037 (-0.113, 0.040) .342
30CRT

GMED -1.500 (-2.461, -0.536)  .002 -0.008 (-0.039, 0.024) .633
GMIN -0.243 (-0.461, -0.024)  .030 -0.039 (-0.089, 0.010) .119
TFL -0.240 (-0.566, 0.085) 148 -0.049 (-0.169, 0.072) .426

Bold indicates statistical significance at P < .05. GMED, gluteus medius; GMIN,
gluteus minimus; TFL, tensor fascia lata; SCT, stair climb test; 30CRT, 30-second

chair rise test.
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Figure 8.2. Relationship between fat fraction and 30-second chair rise test (30CRT).
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8.4 Discussion

This study presents novel data evaluating the relationship between quantitatively
measured hip abductor fatty infiltration and lean muscle volume with structural and
functional disease outcomes in individuals with mild-to-moderate hip OA. Our findings
demonstrate a lack of association of hip abductor FF and LV with radiographic KL
grade. However, our results indicate that fatty infiltration of the hip abductors may play
an important role in symptomatic and functional disease outcomes, as individuals with
greater fatty infiltration reported worse hip-related symptoms and demonstrated greater
functional limitations. Decreased LV was not observed in individuals with worse patient-
reported outcomes or physical function; in fact, greater LV of the hip abductors was
associated with worse patient-reported pain and QOL. These findings suggest that fatty
infiltration may occur without a concurrent loss of lean muscle mass and may be more
important for patient disability than the size of the muscle alone.

We found no significant association between increasing radiographic OA severity
and hip abductor fatty infiltration. While previous research has found that GMED and
GMIN fatty infiltration is higher in the hips of individuals with OA compared to
controls*#? or in the affected versus unaffected limbs of individuals with unilateral
OA%0:42:43 this research has largely consisted of studies which included individuals with
end-stage disease who may have severe disuse-related atrophy. In one study which
compared hip abductor fatty infiltration of individuals with mild-to-moderate radiographic
OA to matched controls, greater GMIN, but not GMED or TFL, fatty infiltration was
observed.*? The previous study used semi-quantitative Goutallier classification'® to

grade fatty infiltration of the hip abductors on 3 consecutive MR slices. Goutallier
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classification has been shown to overestimate fat content,®384 therefore the discrepancy
between these findings and those of the present study may be due in part to our use of
more accurate quantitative measures and evaluation across a much larger volume of
muscle. It is well-established that radiographic OA severity is weakly associated with
pain and symptoms? and KL grading lacks sensitivity for detecting early degenerative
changes.%® These limitations of radiographic OA classification may explain the lack of
association observed between fatty infiltration and KL grade despite significant
relationships with patient-reported symptoms and physical. Additionally, muscle quality
and size were evaluated approximately 1-3 years after initial KL grading was performed
in this study. This time gap may have contributed to the lack of association observed
between muscle quality and radiographic OA severity. Further research is needed to
evaluate muscle quality in relation to joint health using more sensitive measures of
degeneration acquired at the same point in time as muscle data.

Due to a lack of methodological standards for evaluating muscle volume, it has
been difficult to draw conclusions regarding muscle size deficits in individuals with hip
OA. A recent systematic review with meta-analysis found low quality evidence of
reduced muscle size in OA compared to matched controls.*>? Conflicting reports have
shown increased, decreased, and no difference in hip abductor muscle volume in
individuals with hip OA compared to healthy controls or in the affected versus
unaffected limb.40-43.115 Notably, none of these studies reported true measures of lean
muscle volume, as intramuscular fat was not excluded from muscle size measures.
While no association was observed between radiographic OA severity and LV in the

present study, greater GMED LV was associated with worse patient-reported pain, and
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LV of all muscles was associated with worse QOL. Despite the use of statistical
methods which adjusted for BMI in our study, this method may not adequately control
for differences in muscle volume related to body size. More specific measures of pelvis
size or skeletal size may be necessary to accurately control for body size-associated
differences in muscle volume and characterize how muscle volume varies with disease
severity. Overall, the lack of positive association observed between hip abductor LV and
HOOS scores suggests that lean muscle atrophy may not occur until later stages of
disease, potentially after the onset of more advanced fatty infiltration.

To our knowledge, this is the first study to report relationships of quantitatively
measured hip abductor fatty infiltration with patient-reported disability and physical
function in individuals with mild-to-moderate hip OA. Previously, differences in GMED
and GMIN fatty infiltration have been reported between individuals with symptomatic hip
OA and asymptomatic controls.*%4? In individuals with mild-to-moderate OA, semi-
guantitatively measured GMED and GMIN fatty infiltration was reported to have no
association with HOOS scores.*® In our cohort, more sensitive quantitative measures of
fatty infiltration were used and showed that—even at low levels of fatty infiltration—
greater GMED, GMIN, and TFL fatty infiltration was associated with worse patient-
reported symptoms.

Functional performance tests were used to understand the role of muscle quality
and size in physical function. We found that GMED and GMIN fatty infiltration, and not
LV, was associated with worse physical function as measured by SCT and 30CRT.
These data are in accordance with a previous study which found greater hip abductor

fatty infiltration was associated with greater gait variability and poor balance in a
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population of older adults where gait variability was measured using temporospatial gait
parameters and balance using clinical assessments.14 Interestingly, only GMED FF
was significantly associated with SCT performance. GMIN FF trended toward a positive
relationship with SCT, indicating this study may be underpowered for detecting this
relationship. However, our results which showed a positive association between GMED
FF and SCT indicate that GMED FF may be more important for function in activities
which involve single-limb stance. Whereas the 30CRT is a bilateral support activity, the
SCT involves a single-limb component. These results suggest that GMIN fatty infiltration
may be more closely associated with overall mobility impairment as measured by
30CRT performance, whereas GMED FF may be specific to single-limb function.
Previous semi-quantitative reports of hip abductor muscle quality have hypothesized
that GMIN fatty infiltration may be a normal process of aging common to both healthy
controls and those with end-stage hip OA, whereas GMED fatty infiltration may be a
pathological process specific to disease.'®” Our data support this hypothesis and
indicate that GMED muscle quality may be a better predictor of disability than GMIN
during tasks which involve single-limb stance.

At the knee, fatty infiltration of the quadriceps has been shown to predict patient-
reported disability®® and mobility38119 in individuals with knee OA. Beyond simply
occupying volume in the muscle, adipose tissue stored in the muscle has the capacity to
actively impair the function of remaining muscle fibers by altering muscle fiber pennation
angle and elasticity, as well as through the release of proinflammatory cytokines which
contribute to local inflammation and impair muscle metabolism.2” We did not observe a

decrease in lean muscle volume associated with increasing KL grade, worsening HOOS
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scores, or worse physical function; therefore, it is possible that fatty infiltration may
contribute to muscle dysfunction without a concurrent decrease in lean muscle size. A
longitudinal study of muscle strength in older adults found that strength deficits were
present even in individuals who gained lean muscle mass over a 3-year period.*%®
Furthermore, evidence from a single-limb suspension study demonstrated that fatty
infiltration may exceed a loss of lean muscle mass due to physical inactivity.*6 Our
findings add to a growing body of work which suggests that fatty infiltration plays an
important role in disease-related disability and demonstrates that changes in symptoms
and function may not be fully captured by measures of muscle size alone.

Compared to radiographic signs of OA or other imaging-related biomarkers such
as cartilage thickness or composition, muscle quality represents a potentially modifiable
target for disease intervention. Several studies have shown that fatty infiltration of
skeletal muscle can be reduced by exercise intervention.t?4137.159 Qur data suggest that
muscle quality may be an effective target for OA management and prevention
strategies, and exercise intervention may be useful for improving symptomatic disease
severity and patient function. Future longitudinal studies are needed to explore how
changes in muscle quality over time impact disease severity and whether interventions
aimed at maintaining or improving muscle quality positively affect disease trajectories.

Limitations of this study must be considered when interpreting the results. Our
cohort consisted of high-functioning individuals with relatively healthy BMI, therefore our
results may not be generalizable to a larger population with more severe pain, functional
limitations, or higher BMI. Another limitation of this study was the use of cross-sectional

data acquired at varying lengths of time from original baseline KL assessment. Because
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muscle MR images were not acquired consistently at each timepoint, data from 1-year,
2-year, and 3-year follow-up were utilized. Therefore, degeneration may have worsened
beyond original baseline KL readings. Additionally, the automatic segmentation method
utilized in this study may introduce error beyond that of manual segmentation; however,
this tool allowed for the inclusion of more subjects to power the study, as time-to-
segmentation was reduced. Finally, the imaging coverage area used was not optimized
for TFL analysis given that the muscle belly extends beyond the greater trochanter. This
imaging coverage area was selected to optimize analysis of the larger hip abductor
muscles while minimizing scan time. Previous work, however, has suggested that TFL

fatty infiltration and size is minimally affected in the OA disease process.*2116.147

8.5 Conclusions

We found that fatty infiltration of the hip abductors was associated with worse
patient-reported symptoms and physical function, but not radiographic OA severity in
individuals with mild-to-moderate hip OA. Greater hip abductor lean muscle volume was
also associated with worse patient-reported pain and QOL, suggesting a lack of lean
muscle atrophy in individuals with greater disability. These findings suggest that hip
abductor fatty infiltration may be a feature of mild-to-moderate disease which
significantly contributes to patient-perceived and physical disability and this process
may occur without a concurrent loss of lean muscle mass. Future studies are needed to
evaluate longitudinal changes in hip abductor muscle quality and size related to disease
progression using biomarkers of joint health with greater sensitivity to early-stage

degenerative changes.
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9 Associations of Hip Abductor Muscle Quality

with Cartilage Lesions in Hip Osteoarthritis

9.1 Introduction

Osteoarthritis (OA) is increasingly recognized as a whole-joint disease affecting
not only articular cartilage and bone, but also soft tissues such as periarticular
muscles.'® While OA research has primarily focused on characterization of degenerative
changes in cartilage and bone to date, recent evidence of OA-related muscle atrophy
suggests that muscle may play an important role in the OA disease process.152:160
Muscle atrophy may be characterized by both fatty infiltration of the muscle and a loss
of lean muscle mass. The ratio of adipose to lean tissue within the muscle has come to
be described by the term “muscle quality” with worse muscle quality indicated by a
greater proportion of adipose tissue within the muscle. Adipose tissue stored within
muscle releases pro-inflammatory cytokines which may directly affect joint tissues, and
may alter or impair the mechanical and metabolic properties of the muscle.375¢

In individuals with hip OA, increased fatty infiltration of the hip abductors has
been observed*®3 and, although conflicting results have been reported, some studies

have found decreased hip abductor muscle size associated with hip OA.4%42 However,
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most studies have investigated muscle quality and size in relation to radiographic
grading of disease severity which can only be used to infer the status of cartilage health
through joint space narrowing. At the knee, fatty infiltration of the quadriceps has been
associated with severity and progression of cartilage lesions over 3 years in individuals
with knee OA.383° In hip OA, there is a paucity of research evaluating relationships
between muscle quality and cartilage health. One study has evaluated the relationship
between hip abductor fatty infiltration and cartilage composition using quantitative
magnetic resonance imaging (MRI), but found mixed results.'® Thus, further research is
needed to evaluate muscle quality and size in relation to direct measures of cartilage
health to better understand the impact of muscle atrophy on joint tissues.

Therefore, the objective of this study was to evaluate whether quantitatively
measured hip abductor (gluteus medius [GMED], gluteus minimus [GMIN], and tensor
fascia lata [TFL]) muscle quality and size is associated with greater cartilage lesions in
individuals with and without mild-to-moderate hip OA. The secondary objective of this
study was to determine whether hip abductor muscle quality and size is associated with

localized patterns of degeneration in the acetabular or femoral cartilage.

9.2 Methods

9.2.1 Study Participants

Subjects were selected from an ongoing study on the progression of hip OA. All
subjects signed informed consent as approved by our institution’s Committee on Human
Research. Study eligibility required subjects have either no signs of radiographic hip OA

(Kellgren-Lawrence [KL] grade 0) or have evidence of mild-to-moderate hip OA (KL
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grade 1-3)%2. Participants with end-stage hip OA (KL grade 4) were excluded from the
study. KL grading was performed by a trained musculoskeletal radiologist on bilateral
anterior-posterior and lateral hip screening radiographs. Additional exclusion criteria
included contraindications to MR, history of hip surgery, hip trauma within the previous
3 months, joint replacement of any lower extremity joint, pain or OA of any other lower

extremity joint, self-reported inflammatory arthritis, or mobility assistance requirements.

9.2.2 MR Image Acquisition and Analysis

Hip MR images were obtained using a 3.0T MR scanner (GE Healthcare,
Waukesha, WI), with each hip scanned individually. Patients were positioned supine
with feet taped together to ensure neutral hip alignment during MR imaging and a 32-
channel coil (GE Healthcare, Waukesha, WI) was placed on the hip. MR sequences
(Table 9.1) included: (1) 3-plane gradient echo localizer for prescribing the imaging
coverage area, (2) 3D axial Iterative Decomposition of water and fat with Echo
Asymmetry and Least-squares estimation (IDEAL-IQ)%* spoiled gradient-recalled echo
(SPGR) with multi-peak fat spectrum modeling and single T2* correction!*? for muscle
evaluation, and (3) coronal T2 and 3D fast spin-echo Cube with sagittal, axial, and
oblique axial reconstructions for morphological assessment of articular cartilage. IDEAL-
IQ fat fraction (FF) maps in which the signal intensity of each voxel represents the
percentage of fat in that voxel on a scale from 0 to 100% were generated online. FF
map image volumes were acquired from the iliac crest to the greater trochanter to

image the full length of GMED, GMIN, and a large portion of TFL. Due to time
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constraints during MR scanning, muscle imaging of only a single hip was acquired for
some subjects resulting in the inclusion of both bilateral and unilateral cases.

Table 9.1. Magnetic resonance sequences and acquisition parameters.

MR Sequence Acquisition Parameters Measurements

3-plane - Localizer—coverage
gradient echo

3D IDEAL-IQ TR=9.3ms, ETL =2, number of echoes =6, Muscle segmentation;

SPGR FA =3, FOV = 22x22 cm, matrix FF and Lean Volume
size = 256x256, slice thickness =6 mm Quantification
Coronal T2 FS TR/TE =3000/57.98 ms, ETL = 18, matrix SHOMRI scoring

size =512x512, FOV=20x20 cm, slice
thickness =4 mm

3D FSE-CUBE TR/TE =1200/20, ETL = 30, matrix size = SHOMRI scoring
FS 192x192, FOV = 15.3x15.3 cm, slice
thickness = 0.8 mm

3D, three-dimensional; IDEAL-IQ, Iterative Decomposition of water and fat with Echo
Asymmetry and Least-squares estimation; SPGR, spoiled gradient-recalled echo; FS,
fat-saturated; FSE, fast spin echo; TR, repetition time; TE, echo time; ETL, echo train
length; FA, flip angle; FOV, field of view; SHOMRI, scoring hip OA with MRI

Automatic segmentation of GMED, GMIN, and TFL was performed on IDEAL-IQ
FF maps using the automatic muscle segmentation network described and validated in
Chapter 7. Automatic segmentations underwent post-processing (removal of extra
pixels from the mask by keeping only the largest connected component, extraction and
dilation the perimeter of the mask using a structuring disk element (radius = 1), and
filling holes within the mask). The FF of each muscle was calculated by taking the
average signal intensity of all voxels in the segmented region on the FF map. Lean

volume (LV) of each muscle was calculated by taking the sum of all voxels in the

segmented region across all slices minus fat volume.
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Figure 9.1. Cartilage subregions as defined in the Scoring Hip Osteoarthritis with MRI
(SHOMRI) morphological grading system. Subregions include four acetabular regions
and six femoral regions. Figure reproduced with permission of Wiley, from Scoring hip
osteoarthritis with MRI (SHOMRI): A whole joint osteoarthritis evaluation system.%®

Semi-gquantitative morphological assessment of cartilage abnormalities was
performed using the Scoring Hip OA with MRI (SHOMRI) evaluation system®® by an
experienced, board-certified radiologist. SHOMRI has previously been validated against
arthroscopic findings®’ and has been shown to have excellent inter- and intra-reader
agreement (intra-reader intraclass correlation coefficient [ICC] = 0.93-0.98; inter-reader
ICC =0.91-0.94)%. Using the SHOMRI scoring system to assess cartilage morphology,
the acetabulum and femoral head were divided into 4 (superolateral, superomedial,
anterior, posterior) and 6 (lateral, superolateral, superomedial, inferomedial, anterior,
posterior) subregions as shown in Figure 9.1. In each of the 10 subregions, cartilage
lesions were graded on a 3-point scale, with 0 indicating no lesion, 1 indicating partial-
thickness cartilage loss, and 2 indicating full-thickness cartilage loss. Subregion scores

were then dichotomized into presence or no presence of a cartilage lesion in that
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subregion. The total acetabulum and femur SHOMRI scores were then calculated by
summing cartilage scores across the 6 and 4 subregions, respectively. Finally, the
overall SHOMRI total combined cartilage score was calculated as the sum of cartilage

scores in all 10 subregions.

9.2.3 Statistical Analysis

Relationships of hip abductor FF and LV with SHOMRI total combined cartilage,
total acetabular, and total femoral scores were evaluated using linear regression models
with a generalized estimating equation (GEE) approach. In the GEE models, subject
identifier and muscle FF or LV served as the within-subjects variables, and SHOMRI
score as the dependent variable, with age, sex, and body mass index (BMI) entered as
covariates. For subregion analysis, logistic regression using GEE was performed to
calculate odds ratios (OR) for incidence of cartilage lesions, with FF or LV as the
independent variable, and presence of cartilage lesion as the dependent variable, with
age, sex, and body mass index (BMI) as covariates. All statistical analyses were

performed in R Studio v4.0.2 (R Core Team, Vienna, Austria) with P-value < .05.
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9.3 Results

9.3.1 Demographics and Characteristics

A total of 88 hips from 51 participants (37 bilateral cases and 14 unilateral cases) were

included in this analysis with an average age of 53.6 + 15.6 years, BMI of 24.1 + 3.4

kg/m?, and included 34 male hips (39%). A total of 24 hips were KL grade 0, 39 were KL

grade 1, 14 were KL grade 2, and 11 were KL grade 3. Demographics and group
characteristics are shown in Table 9.2. Frequency of presence of cartilage lesions in
acetabular and femoral subregions is shown in Table 9.3.

Table 9.2. Group Demographics and Characteristics (N =51, 88 hips).

Characteristic Value
Demographics Age (years) 53.6 +15.6
Sex (% Male) 39
BMI (kg/m?) 24.1+3.4
Fat Fraction (%) GMED 56+1.8
GMIN 9.12+3.5
TFL 5331
Lean Volume (cm?3) GMED 223.4+54.2
GMIN 70.3+16.8
TFL 18.8+7.7
SHOMRI Total Combined Cartilage 3.8+28
Total Ace 18+15
Total Fem 20138

Values are mean = SD unless indicated otherwise. BMI, body mass index; GMED,
gluteus medius; GMIN, gluteus minimus; TFL, tensor fascia lata; SHOMRI, scoring hip
OA with MRI; Ace, acetabular; Fem, femoral.
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Table 9.3. Frequency of lesions in cartilage subregions.

Cartilage Region Subregion Frequency, n
Acetabular Superolateral 61
Superomedial 31
Anterior 30
Posterior 4
Femoral Lateral 51
Superolateral 59
Superomedial 11
Inferomedial 11
Anterior 14
Posterior 1

Presence of lesion determined by SHOMRI score > 0 in cartilage subregion.

9.3.2 Relationships of Muscle Fat Fraction with SHOMRI Cartilage Scores

Results for correlations between muscle FF and SHOMRI cartilage scores are
shown in Table 9.4. GEE analysis revealed that GMED FF was significantly positively
associated with SHOMRI total combined cartilage scores (3 = 0.747, P <.001) with
significant positive associations observed for both total acetabular ( = 0.349, P = .009)
and femoral (8 = 0.420, P <.001) scores. GMIN FF was significantly positively
associated with SHOMRI total combined cartilage scores (8 = 0.203, P =.025), with
significant positive associations observed only for total femoral cartilage scores ( =
0.112, P =.034). TFL FF was not significantly associated with SHOMRI total combined
cartilage or total acetabular and femoral scores. Relationships of GMED and GMIN FF
with SHOMRI total combined cartilage scores are shown in Figure 9.2 with an example

of subject differences shown in Figure 9.3.
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Figure 9.2. Relationships between fat fraction and SHOMRI total combined cartilage
score. (Left) gluteus medius and (right) gluteus minimus. Regression lines show unique
contribution of fat fraction variable of interest to the prediction of SHOMRI scores.

Subregion analysis using logistic regression (Table 9.5) revealed that GMED FF

was significantly associated with greater odds of superolateral acetabular (OR = 2.0, P

=.007) and femoral (OR =1.71, P = .006) cartilage lesions. Relationships of GMIN FF

with presence of cartilage lesions did not reach statistical significance for any subregion.

However, greater TFL FF was associated with increased odds of superolateral

acetabular cartilage lesions (OR = 1.65, P =.022). Less than 5% of hips had a cartilage

lesion in either the posterior acetabular or femoral cartilage regions, therefore results

were not reported for these subregions.
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Figure 9.3. Comparison of GMED fat fraction (FF) maps for subjects with high and low

SHOMRI total combined cartilage scores. Image slices selected from approximately the
same proximal to distal region in both subjects. Subject A (top) had overall GMED FF of
9.1% and SHOMRI total combined cartilage score of 10. Subject B (bottom) had overall

GMED FF of 2.4% and SHOMRI total combined cartilage score of 0.

9.3.3 Relationships of Muscle Lean Volume with SHOMRI Cartilage Scores

TFL LV was significantly negatively associated with SHOMRI total combined

cartilage scores (B =-0.069, 95% CI [-0.135, -0.004], P =.039). However, no other

significant relationships were observed between LV and total cartilage scores, and

logistic regression revealed no significant relationships of LV with presence of lesions in

cartilage subregions (data not shown).
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9.4 Discussion

We found that increased fatty infiltration of the hip abductors, particularly the
GMED, was associated with greater cartilage degeneration measured by semi-
guantitative morphological grading. Additionally, decreased TFL lean volume was
associated with greater number and severity of cartilage lesions. Subregion analysis
revealed areas of cartilage which may be at greater risk for degeneration with increased
fatty infiltration of the hip abductors. Our findings highlight the importance of hip
abductor muscle quality and size in cartilage health and suggest that these muscles
may serve as a promising therapeutic target for preventing or slowing progression of
cartilage degeneration in individuals with hip OA.

To date, hip abductor muscle quality and size have primarily been related to joint
health using radiographic OA grading. These methods lack sensitivity for detecting early
degenerative changes and do not allow for direct evaluation of cartilage.®® Our data,
obtained from a cohort with mild-to-moderate radiographic OA, provide evidence that
the hip abductors play an important role in joint health. Much of the previous work
evaluating muscle quality in hip OA has included individuals with end-stage radiographic
disease (KL = 4). Several of these studies have demonstrated increased GMED#0:41.43
and GMIN#*3 fatty infiltration in individuals with hip OA. However, a study by Zacharias et
al which excluded individuals with end-stage disease, found that individuals with hip OA
had greater fatty infiltration of GMIN but not GMED.*? These findings led the authors to
hypothesize that GMIN atrophy may precede GMED, with GMED atrophy thought to

occur only in late stages of disease. Our results challenge this hypothesis and suggest

78



that GMED fatty infiltration, even at very low levels of less than 10%, is significantly
associated with cartilage degeneration in mild-to-moderate hip OA. The previous study
used semi-quantitative Goutallier grading to evaluate hip abductor fatty infiltration, which
may have lacked sensitivity for detecting low levels of fatty infiltration as seen in
GMED.3884 Our results are in accordance with the results of a study by Kumar et al
which found that, at the knee, quadriceps fatty infiltration was associated with greater
progression of morphological joint degeneration over 3 years, with an average fat
fraction of 5.2% in the quadriceps.3°

Increased GMED fatty infiltration was specifically associated with a greater risk of
superolateral acetabular and femoral cartilage lesions. A previous report by Damm et al
showed that increased fatty infiltration of the GMED was associated with increased hip
joint contact forces 3 months following total hip arthroplasty.''’ Hip joint contact forces
have been shown to be transmitted primarily through the anterior superolateral quadrant
of the acetabulum during gait.'®* Therefore, it was not surprising that increased hip
abductor fatty infiltration and decreased lean volume were linked to degeneration in this
region. These data highlight the need for future studies to evaluate joint loading related
to muscle quality and size in individuals with mild-to-moderate hip OA, as muscle quality
and size may play an important role in controlling loading of articular cartilage and other
joint tissues.

The relationships observed between fatty infiltration and cartilage health in this
study indicate that hip abductor muscle quality may be a promising biomarker of early
degeneration in individuals with hip OA. Several studies have demonstrated that fatty

infiltration of skeletal muscle can be mitigated through exercise intervention.123:124.137
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Therefore, muscle quality represents a promising target for therapeutic interventions.
However, whether muscle atrophy is a factor leading to joint degeneration or simply a
result of disease onset remains unclear. Longitudinal studies are needed to evaluate
whether interventions aimed at altering muscle quality affect longitudinal trajectories of
joint degeneration.

Limitations of this study should be considered when interpreting the results. Our
cohort consisted of high-functioning, community-dwelling adults, and our study did not
use symptomatic criteria for subject recruitment. Therefore, our results may not be
generalizable to individuals with more severe, symptomatic disease. Although this
cohort was high functioning and did not have significant mobility impairments, physical
activity levels were not evaluated or controlled for. Reduced physical activity levels of
individuals with greater cartilage degeneration may have contributed to our findings.
Additionally, the imaging coverage area used in this study was not optimized for
evaluation of the full length of TFL. Further research is needed to evaluate the entirety
of this muscle in relation to cartilage health. Finally, relationships with lean volume
reported in this study were adjusted for BMI. However, statistically controlling for BMI
may not fully control for body size differences. Although no standards currently exist for
reporting muscle size, some studies have reported muscle volume normalized to body
mass. However, these methods may also have limitations, as muscle volume may be
influenced to a greater extent by skeletal size rather than overall body mass. Further
exploration of methods which fully account for body size in muscle volume evaluation

are needed.
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9.5 Conclusions

We have shown that hip abductor fatty infiltration, particularly of the GMED, is
associated with greater cartilage degeneration, evaluated using semi-quantitative
morphological grading. Subregion analysis revealed that increased fatty infiltration and
decreased lean volume of the hip abductors was associated with increased risk of
lesions in the superolateral acetabular and femoral cartilage. These results suggest that
muscle quality and size may play a role in cartilage degeneration and indicate that these

muscles may be useful therapeutic targets for disease intervention.
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10 Hip Abductor Muscle Quality is Associated
with Altered Frontal Plane Joint Loading and
Cartilage Composition in Individuals with Hip

Osteoarthritis

10.1 Introduction

Osteoarthritis (OA) is a common degenerative joint disease affecting over 27
million US adults, with this number expected to rise as the population ages.? Hip OAis a
particularly debilitating form of disease given its impact on weight-bearing joint
structures which may significantly impact an individual’s ability to locomote and carry
out common activities of daily living.2 Currently, treatment approaches for minimizing
tissue damage are extremely limited.**® Therefore, identification of biomarkers of early-
stage disease is critical for the development of more effective treatment strategies
which may prevent or slow the progression of disease.

In recent years, muscle quality has been identified as a potential biomarker of
disease in OA.38-40.42147 Myscle quality has been defined as the proportion of adipose

versus lean tissue in the muscle, with a higher ratio of adipose tissue indicating worse
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muscle quality. Beyond occupying space within the muscle that would normally be
composed of lean contractile tissue, adipose tissue stored within the muscle secretes
numerous signaling factors and may alter or impair the mechanical and metabolic
function of surrounding muscle fibers.3”5¢ Greater fatty infiltration has been observed in
individuals with both knee383° and hip*®-43 OA and has been linked to reduced strength,
mobility, and function.814.11% Muscle quality represents a promising target for disease
prevention and management, as fatty infiltration and lean muscle mass have been
shown to be modifiable through exercise intervention.37.137

Though OA is increasingly recognized as a multifactorial disease, joint loading
has long been hypothesized to play an important role in the pathogenesis of OA.162.163
Muscle dysfunction caused by fatty infiltration or decreased lean muscle volume may
alter load transmission by the joint. At the hip, muscle quality of the hip abductors may
contribute to altered frontal plane joint loading, as these muscles act to stabilize the
pelvis in the frontal plane during the single-limb stance phase of gait and are often weak
in individuals with OA.%7:100 A study in individuals with hip OA following total hip
arthroplasty demonstrated higher joint contact forces in individuals with increased fatty
infiltration of the hip abductors.!” Furthermore, increased frontal plane joint loading has
been linked to hip OA and progression of disease.'%4-166 However, no studies have
linked muscle quality to frontal plane gait biomechanics in individuals with mild-to-
moderate OA. Further investigation is needed to understand the role of muscle quality in
joint loading and joint health using quantitative muscle quality and size assessment, gait
analysis, and biomarkers of cartilage degeneration which are sensitive and specific to

early degenerative changes.
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T1p and T2 relaxation time mapping allows for indirect quantification of cartilage
biochemistry and provides insight into the health of articular cartilage in early stages of
disease.?® In articular cartilage, T1p relaxation times are negatively correlated with
proteoglycan content, with higher T+, relaxation times indicating decreased
proteoglycan content.’® T2 relaxation times correspond to water content and collagen
organization, with increased T2 relaxation times indicating increased water content and
greater disorganization of the collagen network.”34 To date, there is limited evidence
relating hip abductor muscle quality to cartilage composition. One study has
investigated this relationship and found mixed results for the relationship of muscle
quality with T1p relaxation times, and a negative association with T2 relaxation times.*8
Given that cartilage relaxation times have been shown to be sensitive to loading67-16°
and muscle quality may alter joint loading, further evaluation of this relationship with
added context regarding subject-specific biomechanics is needed.

Therefore, the purpose of this study was to determine whether hip abductor fatty
infiltration and lean volume is associated with hip abductor strength and altered frontal
plane gait kinematics and kinetics in individuals with mild-to-moderate OA. The
secondary aim was to determine the association of hip abductor fatty infiltration and

lean volume with cartilage T1p and T2 relaxation times.

10.2 Methods

10.2.1 Study Participants

Subjects were recruited from the community as part of an ongoing longitudinal

study on progression of hip OA. All subjects signed informed consent as approved by
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our institution’s Committee on Human Research. Subject eligibility was determined
using Kellgren-Lawrence (KL) grading to determine radiographic OA severity.52 KL
grading was performed by a trained musculoskeletal radiologist on bilateral anterior-
posterior and lateral hip screening radiographs. Subjects with end-stage hip OA (KL
grade = 4) were excluded from the study. Additional exclusion criteria included
contraindications to MR, history of hip surgery, hip trauma within the previous 3
months, joint replacement of any lower extremity joint, pain or OA of any other lower
extremity joint, self-reported inflammatory arthritis, and immobility or assistance

requirements that limit the ability to walk and participate in motion analysis.

10.2.2 MR Image Acquisition and Analysis

Hip MR images were obtained using a 3.0T MR scanner (GE Healthcare,
Waukesha, WI) with a 32-channel coil (GE Healthcare, Waukesha, WI) placed over the
hip. Patients were positioned supine in the scanner with feet secured to ensure leg
rotational neutral alignment. MR sequences (Table 10.1) included: (1) 3-plane gradient
echo localizer for prescribing the imaging coverage, (2) 3D axial Iterative Decomposition
of water and fat with Echo Asymmetry and Least-squares estimation (IDEAL-1Q)%%:93
spoiled gradient-recalled echo (SPGR) with multi-peak fat spectrum modeling and
single T2* correction!4? for muscle evaluation, and (3) 3D magnetization-prepared angle-
modulated partitioned k-space spoiled gradient echo snapshots (3D MAPSS)!7° for
combined cartilage T1p / T2 assessment. IDEAL-IQ fat fraction (FF) maps in which the
signal intensity of each voxel represents the percentage of fat in that voxel on a scale

from O to 100% were generated online. Coverage area of muscles was prescribed from
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the iliac crest to the greater trochanter to acquire the full length of GMED, GMIN and a
large portion of TFL. Due to time constraints during MR scanning, muscle imaging of
only a single hip was acquired for some subjects; therefore, this study included
unilateral and bilateral cases when available.

Table 10.1. Magnetic resonance sequences and acquisition parameters.

MR Sequence Acquisition Parameters Measurements
3-plane - Localizer—
gradient echo coverage
3D IDEAL-IQ TR =9.3ms, ETL =2, number of echoes =6, Muscle
SPGR FA =3, FOV = 22x22 cm, matrix segmentation; FF
size = 256x256, slice thickness =6 mm and LV
Quantification
3D combined TE = 0/10.4/20.8/41.6 ms; TSL = 0/15/30/45 Cartilage
T1p/ T2 ms; FOV = 14x14cm; TR = 1.2s; spin lock segmentation; T1p
MAPSS frequency = 300 Hz; matrix size = 256x128; and T2
slice thickness =4 mm guantification

MR, magnetic resonance; 3D, three-dimensional; IDEAL-IQ, Iterative Decomposition of
water and fat with Echo Asymmetry and Least-squares estimation; SPGR, spoiled
gradient-recalled echo, TR, repetition time; TE, echo time; ETL, echo train length; FA,
flip angle; FOV, field of view; MAPSS, magnetization-prepared angle-modulated
partitioned k-space spoiled gradient echo snapshots; FF, fat fraction; LV, lean volume.

Muscle segmentation was performed on all IDEAL-IQ FF maps using an
automated hip abductor muscle segmentation network previously described and
validated in Chapter 7. The segmentation network automatically generated GMED,
GMIN, and TFL segmentations on all slices of the image volume from iliac crest to
greater trochanter, and these segmentations underwent post-processing in MATLAB
2020b (MathWorks, Natick, MA). Post-processing involved removing extra pixels from
the mask by keeping only the largest connected component, extracting and dilating the

perimeter of the mask using a structuring disk element (radius = 1), and filling holes
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within the mask. The FF of each muscle was calculated by taking the average voxel
signal intensity of the IDEAL FF map in the segmented region across all slices. Total
lean volume (LV) of each muscle was calculated by taking the sum of all voxels in the
segmented region across all slices minus fat volume.

Cartilage segmentation was performed using a single atlas-based registration
technique to automatically segment femoral and acetabular cartilage regions of each
subject.t’1172 With this method, the first spin lock time (TSL) = 0 ms of the T1,-weighted
image of each participant was non-rigidly registered to a single reference atlas and this
transformation field was then applied to the remaining T1p- and T2-weighted images. T1p
and T2 relaxation maps were reconstructed by fitting each voxel of the T1p- and To-
weighted images using Equations 10.2.1 and 10.2.2 below.*”® Mean T1, and T2
relaxation times were then calculated by taking the average relaxation time of all voxels

in the femoral and acetabular cartilage regions.

S(TSL) o< exp (—TSL/Typ) (Equation 10.2.1)

S(TE) «x exp (—TE/T,) (Equation 10.2.2)

10.2.3 Gait Data Acquisition and Analysis

A previously described 8-segment set of 45 retroreflective markers were adhered
to each subject before collection of biomechanical data.'’* Motion analysis was
performed using a 10-camera motion capture system (Vicon, Oxford, UK) and two in-
ground force plates (AMTI, Watertown, MA). 3D marker position and ground reaction
force (GRF) data were collected at 250 Hz and 1000 Hz, respectively. A one-second

standing static calibration trial was collected with all markers adhered to the subject.
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Next, calibration markers were removed, and subjects completed a series of gait trials
with remaining tracking markers. Gait trials required subjects walk at a fixed speed of
1.35 m-st £ 5%.17> A gait trial was considered successful if the subject’s target foot
landed within the borders of the force plate. A minimum of five successful gait trials
were collected for both left and right sides.

Raw marker position and GRF data were filtered using a fourth order, zero-lag,
low-pass Butterworth filter with cutoff frequencies of 6 Hz and 50 Hz, respectively
(Visual3D; C-Motion Inc., Rockville, MD). From the static calibration trial, an 8-segment,
6 degrees of freedom kinematic model consisting of the torso, pelvis, bilateral thighs,
shanks, and feet was created. Joint centers were defined using methods previously
described.'”* An unweighted least-squares method was used to describe segment
position and orientation'’® and joint coordinates were resolved using an XY’Z” Cardan
sequence.'’” Inverse dynamics was used to calculate external joint moments, with joint
angles and moments expressed in the same coordinate system.’® Frontal plane hip
kinematics and kinetics were analyzed during the stance phase of gait which was
defined as initial contact to toe-off and time normalized to 101 points. Initial contact and
toe-off were determined using a vertical GRF threshold > 20 N to define the point at
which the foot first strikes the force plate and the last point at which the foot is in contact
with the force plate.

Discrete kinematic variables of interest for this study included peak hip adduction
and abduction angles. Kinetic variables of interest included peak external hip adduction
moment (HAM) normalized to body mass (Nm-kg?) and HAM impulse which is the

integral of the normalized HAM with respect to time (Nm-s-kg). Positive kinematic and
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kinetic values indicate hip adduction. Using a custom written MATLAB program
(MathWorks, Natick, MA), discrete biomechanical variables were determined for each

trial, and the average of each variable over 5 trials was calculated.

10.2.4 Strength Testing

Peak hip abductor torque was measured during isometric testing using an
instrumented dynamometer (Primus RS, BTE, Hanover, MD) sampled at 100 Hz.
Testing was performed side-lying with the hip in neutral position. Before maximal
strength testing, subjects performed 3 practice trials at progressive effort levels (25%,
50%, 75%) to familiarize subjects with the task. Next, torque data were acquired during
3 maximal effort isometric abduction trials. All trials were separated by 30-second rest
periods. Subjects were given standardized instructions and verbal encouragement. For
each maximal effort trial, the peak torque was measured and the trial with the highest

peak torque across the 3 trials was normalized to body mass (Nm-kg1).

10.2.5 Statistical Analysis

Relationships of muscle quality and size with peak isometric hip abductor
strength, frontal plane gait biomechanics, and cartilage relaxation times were evaluated
using generalized estimating equations (GEE). GEE methods are able to account for
within-subject correlation of bilateral hip data included in this study and allow for
datasets that include a combination of unilateral data for some subjects and bilateral for
others.’® In the GEE models, subject identifier and muscle FF or LV were entered into
the model as the within-subjects variables, and gait biomechanical variables or cartilage

relaxation times as the dependent variable, with age, sex, and body mass index (BMI)
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entered as covariates. A P-value < .05 was considered statistically significant. All

statistical analyses were performed in R Studio v4.0.2 (R Core Team, Vienna, Austria).

10.3 Results

10.3.1 Demographics and Characteristics

This study included a total of 69 hips from 41 participants (28 bilateral cases and

13 unilateral cases). The cohort had an average age of 52.6 + 16.1 years, BMI of 24.1 +

3.2 kg/m?, and included 23 hips from males (33%). A total of 18 hips with radiographic

KL grade 0, 30 hips with KL grade 1, 11 hips with KL grade 2, and 10 hips with KL

grade 3 were included in this study. Group demographics and characteristics are shown

in Table 10.2.

Table 10.2. Group Demographics and Characteristics (N = 41, 69 hips).

Characteristic Value
Demographics Age (years) 526 +16.1
Sex (% Male) 33
BMI (kg/m?) 24.1+3.2
Fat Fraction (%) GMED 56+1.8
GMIN 9.14 + 3.5
TFL 5227
Lean Volume (cm?3) GMED 2175+ 47.6
GMIN 69.8 £15.0
TFL 19.1+7.8

Values are mean = SD unless indicated otherwise. BMI, body mass index; GMED,

gluteus medius; GMIN, gluteus minimus; TFL, tensor fascia lata.
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10.3.2 Relationships of Muscle Quality and Size with Strength

Results for relationships of muscle FF and LV with peak isometric hip abduction
strength are shown in Tables 10.3 and 10.4. GMED FF ( =-0.019, P =.001) and GMIN
FF (B =-0.005, P =.019) were significantly negatively associated with strength. These
relationships are shown in Figure 10.1. GMIN LV (B = 0.001, P = .003) was significantly
positively associated with strength. No associations were observed for TFL with

strength measures.

GMED GMIN

(=]
»
e
(=]
-
@

[=]
=]

=]
N

Peak Hip Abduction Strength (Nm/kg)

Peak Hip Abduction Strength (Nm/kg)

6 8 > 10 1"»
Fat Fraction (%) Fat Fraction (%)

Figure 10.1. Relationship between fat fraction and hip abduction strength.(Left) gluteus
medius and (right) gluteus minimus. Peak isometric hip abduction strength is normalized
to body mass. Regression lines show unique contribution of fat fraction variable of
interest to the prediction of hip abduction strength.

10.3.3 Relationships of Muscle Quality and Size with Frontal Plane Gait

Biomechanics

Results for relationships of muscle FF and LV with gait kinematics and kinetics

are shown in Tables 10.3 and 10.4. GMED FF was significantly positively associated
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with peak HAM (8 = 0.038, P <.001) and HAM impulse ( = 0.016, P =.023). These
relationships can be visualized in Figures 10.2 and 10.3. GMIN and TFL FF were not
significantly associated with hip frontal plane kinetics during gait, and no significant
associations with hip frontal plane kinematics were observed for FF of any muscle.
GMIN LV was significantly positively associated with peak HAM (B = 0.002, P = .015)
and HAM impulse (8 = 0.002, P = .015). GMED and TFL LV were not significantly
associated with hip frontal plane kinetics, and no significant associations with hip frontal

plane kinematics were observed for LV of any muscle.
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Figure 10.2. Ensemble curves showing frontal plane hip moment during the average of
5 walking trials with each subject’s curve colored by their corresponding gluteus medius
(GMED) fat fraction.

92



o GMED

Hip Adduction Moment Impulse (Nm*s/kg)

0.2

Fat Fraction (%)

Figure 10.3. Relationship between gluteus medius (GMED) fat fraction and external hip
adduction moment impulse (normalized to body mass). Regression line shows unique
contribution of GMED fat fraction to the prediction of hip adduction moment impulse.

10.3.4 Relationships of Muscle Quality and Size with T4, and T, Cartilage

Relaxation Times

Results for relationships of muscle FF and LV with cartilage relaxation times are
shown in Tables 10.5 and 10.6. GMED FF was significantly negatively associated with
mean femoral T2 relaxation times (B =-1.12, P =.008). GMIN and TFL FF and LV of all

muscles were not significantly associated with cartilage relaxation times.
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10.4 Discussion

This study presents novel evidence of relationships between muscle quality and
size, strength, gait biomechanics, and cartilage composition. Our results indicate that
GMED muscle quality may play an important role in hip abductor strength and frontal
plane joint loading, as greater fatty infiltration was associated with decreased strength
and increased HAM and HAM impulse. Additionally, LV of hip abductor muscles was
evaluated in relation to gait kinematics and kinetics and showed significant associations
of increased GMIN LV with increased frontal plane loading. These data indicate a
potential compensation mechanism whereby GMIN may hypertrophy in the presence of
increased GMED fatty infiltration, resulting in altered joint loading. Greater GMED fatty
infiltration was also associated with decreased femoral T2 relaxation times suggesting
that cartilage composition may be sensitive to changes in GMED muscle quality,
potentially due to altered joint loading.

Stability of the pelvis relative to the femur during the single-limb stance phase of
gait is maintained by an internal hip abductor moment which counteracts the external
HAM via forces generated by active and passive joint structures.®”*’® Larger external
HAM has been shown to strongly correlate with increased joint contact forces.8°
Previous work has shown greater fatty infiltration of the GMED and GMIN is associated
with greater in vivo hip joint contact forces after total hip arthroplasty.!” The results of
our study are in accordance with these findings and show that greater GMED fatty
infiltration is associated with decreased strength and increased external peak HAM and

HAM impulse suggesting greater peak and cumulative frontal plane joint loading. Given
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that the GMED is the largest of the abductors and its distal and proximal attachments
provide it with the largest abduction moment arm compared to GMIN and TFL,%3 it was
not surprising that fatty infiltration of this muscle was associated with altered frontal
plane joint loading. These findings are clinically relevant, as increased HAM has been
observed in individuals with hip OA4166 and higher cumulative daily frontal plane hip
moment impulse has been associated with progression of structural hip OA.16% Our
results provide evidence that even low levels of fatty infiltration in early-stage OA may
significantly impact joint loading, particularly in the GMED which plays a critical role in
frontal plane joint stability. Future interventional studies are needed to explore whether
targeted therapies to improve GMED muscle quality may reduce frontal plane loads.
Additionally, we found that increased frontal plane joint loading indicated by the
peak external HAM was associated with increased GMIN LV. These findings, combined
with data indicating GMED FF is associated with increased frontal plane loading,
suggest a possible compensation mechanism involving GMIN hypertrophy in the
presence of GMED muscle dysfunction, as the primary hip abductor’s capacity to
stabilize the joint may be diminished. Our results are supported by recent work from
Zacharias et al. which observed greater GMIN activity during gait measured using
electromyography in individuals with hip OA compared to controls.*®! While muscle
guality and size were associated with frontal plane hip joint loading in this study, we
observed no associations with hip kinematics. This may be due to individuals in this
study adopting varying, inconsistent kinematic patterns which contribute to altered
frontal plane loading. Activities which place greater demand on the hip abductors than

walking may be needed to observe more consistent kinematic patterns which contribute
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to altered frontal plane loading. Overall, these findings support a possible mechanism
by which dysfunction of the GMED may lead to greater demand placed on the GMIN to
stabilize the pelvis during gait. Although previous work has shown decreased GMIN—
and not GMED—LYV was associated with greater in vivo joint contact forces after total
hip arthroplasty,'1’*82 the mechanism of atrophy and muscle dysfunction in an end-
stage, post-surgical OA cohort may drastically differ from that of our early OA cohort.

Interestingly, GMED and TFL LV were not found to be associated with hip
abduction strength. While increased GMIN LV was associated with greater hip
abduction strength, the minimal associations observed indicate possible limitations in
the analysis of lean volume. Previous studies have normalized muscle volume
measures to body mass in order to account for body size related differences in muscle
volume.'®! In the present study, we adjusted for BMI in statistical analyses in order to
account for body size differences. However, these methods may not fully control for
such differences, and more specific measures of pelvis or skeletal size may be needed
to capture this information. These data highlight the utility of evaluating muscle quality
rather than absolute muscle size, as FF is a relative value which provides information
on the ratio of non-contractile to contractile tissue regardless of body size. Future
studies should further investigate this topic and provide recommendations for
standardized reporting of muscle volume, as this is currently lacking.%°

Although few significant associations were found for cartilage relaxation times,
greater GMED fatty infiltration was significantly associated with decreased femoral T2
relaxation times and similar non-significant trends were observed. T2 relaxation times

have been shown to indirectly measure water content and collagen organization,” with
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decreased T2 relaxation times indicating denser, more organized collagen. The negative
relationship observed between GMED fatty infiltration and femoral T2 relaxation was
unexpected, as greater fatty infiltration has been linked to OA*0-42.147.183 gnd increased
T2 relaxation is commonly observed in early-stage OA'"1172, While these results were
contrary to our hypothesis, they are in accordance with a previous study which similarly
found that increased hip abductor fatty infiltration was associated with decreased T2
relaxation times in individuals with mild-to-moderate hip OA.118

Though difficult to interpret, our findings of increased frontal plane joint loading in
individuals with greater GMED fatty infiltration provide evidence of a possible
mechanism of overloading-related changes to cartilage composition. At the knee, higher
sagittal plane joint loads have been associated with decreased T> relaxation times68
and greater compressive forces have been linked to decreased T2 relaxation times.16°
The authors of these studies hypothesized possible chondroprotective mechanisms
whereby cartilage adapts to resist greater compressive forces. At the hip, chronic
overloading due to hip abductor muscle dysfunction appears to be associated with a
denser collagen network and reduced water mobility. However, at the hip, greater daily
cumulative HAM has been associated with radiographic progression of OA,16%
suggesting that this mechanism of chronic overloading may actually be detrimental to
cartilage health and indicate some level of cartilage dehydration. Caution is needed
when interpreting these results due to the magic angle effect of T2 and varying collagen
fiber orientation relative to Bo.?® These data underscore the importance of joint loading

evaluating in understanding the relationship between muscle dysfunction and cartilage
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composition. Further research is needed to better understand the interplay between
fatty infiltration, joint loading, and cartilage composition.

This study had several limitations. Our cohort was relatively high-functioning and
consisted largely of hips without radiographic OA. Additionally, this cohort had a
relatively healthy BMI and low levels of fatty infiltration. Thus, impacts of fatty infiltration
on biomechanical patterns and cartilage composition may have been minimal in this
cohort. An increased sample size of individuals with moderate severity hip OA may be
needed to better understand how fatty infiltration impacts loading mechanics and
cartilage composition. Another limitation of this study was the use of a fixed walking
speed gait tasks for identifying kinematic and kinetic patterns associated with muscle
guality and size. The fixed walk task may not place enough demand on the hip
abductors during single-limb support to observe marked alterations in mechanics
related muscle quality and size. Tasks which place greater demand on the support limb
such as stair climbing, or single-leg balance may provide a greater ability to evaluate
these relationships. Finally, sagittal and transverse kinematics and kinetics were not
explored in this study. Although the primary role of the hip abductors is to stabilize the
hip joint in the frontal plane, future studies should investigate the role of the hip

abductors in these planes.

10.5 Conclusions

The results of this study demonstrate that increased GMED fatty infiltration is
associated with increased peak and cumulative frontal plane joint loading, as well as

decreased isometric strength. Additionally, patterns of decreased GMIN lean volume
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were associated with increased frontal plane joint loads. Increased GMED fatty
infiltration was also associated with decreased T2 relaxation times, suggesting that
cartilage composition may be sensitive to muscle quality, possibly due to increased joint
loading association with greater fatty infiltration. These data suggest that targeted
therapy aimed at reducing fatty infiltration may reduce frontal plane joint loads. Further
research is needed to better understand the implications of muscle dysfunction and

altered frontal plane joint loading on cartilage health.
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11 Summary of Work

The work presented in this dissertation provides a comprehensive evaluation of
the role of hip abductor muscle quality in the OA disease process using quantitative
measures of muscle fatty infiltration and lean muscle volume. Joint health was
evaluated on several scales which provide detailed information on both the composition
and morphology of articular cartilage in relation to muscle quality. The role of muscle
quality in hip OA was also investigated in the context of joint loading and various
measures of physical function to provide a better understanding of the relationship
between muscle quality and muscle function. Muscle quality was also explored in
relation to the patient experience, as self-reported disability is known to have a
disconnect with objective measures of OA-related degeneration. This body of work
provides novel evidence to suggest that muscle quality plays an important role in
disease severity, affecting cartilage health and physical function. The study design of
the work presented here did not allow for causal analysis to determine whether muscle
atrophy initiates disease onset or progression. However, the associations observed with
various measures of disease severity suggest that muscle quality may be an important

risk factor that could be targeted in the management and prevention of hip OA.
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11.1 Gaps Filled

Previous studies have demonstrated a link between hip abductor muscle quality
and presence or severity of radiographic OA.*%-*3 However, no study to date has
evaluated this relationship in a mild-to-moderate OA population using quantitative
measures of muscle fat or lean volume. Additionally, the relationship of quantitatively
evaluated muscle quality with patient-reported pain and disability has not been
investigated in this population. While some studies have evaluated the relationship
between semi-quantitatively evaluated hip abductor muscle quality and patient-reported
pain and function,'4”156 objective measures of physical function have not been
investigated in relation to hip abductor muscle quality in mild-to-moderate OA.
Furthermore, the relationship between hip abductor muscle quality and joint loading has
only been investigated in an end-stage, post-total hip arthroplasty cohort!'” despite the
integral role muscle plays in forces transmitted across the joint. Lastly, the relationship
between muscle quality and direct measures of cartilage health in hip OA have only
been explored in a single study.''® That study evaluated fatty infiltration across a small
volume of the hip abductors and related those measures to cartilage relaxation times;
their results showed mixed relationships between muscle quality and cartilage
relaxation times and did not report on muscle volume. The work presented in this
dissertation addresses these gaps in the literature and provides a better understanding
of the role of muscle quality in joint health and physical function in individuals with mild-

to-moderate hip OA.
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11.2 Overall Findings

Due to the challenging, time-consuming nature of muscle quality evaluation, fatty
infiltration of skeletal muscle has been minimally investigated in hip OA. To our
knowledge, this is the first study to report relationships of quantitatively measured hip
abductor fatty infiltration with patient-reported disability and physical function in
individuals with mild-to-moderate hip OA. Previous studies have utilized semi-
guantitative methods for evaluating hip abductor muscle quality in individuals mild-to-
moderate hip OA, and have only evaluated relationships with patient function using self-
reported measures of disability.14”156 Our study utilized quantitative methods for muscle
quality evaluation and demonstrated that not only was hip abductor fatty infiltration
associated with worse self-reported symptoms and quality of life, but it was also
associated with functional limitations and reduced mobility. These findings indicate that
hip abductor fatty infiltration is an important factor in the patient experience, playing a
significant role in both patient-perceived disability as well as objectively measured
disability. Although previous work has reported mixed results for associations of hip
abductor fatty infiltration with patient-reported disability in individuals with mild-to-
moderate hip OA,*7156 the more sensitive measures of fatty infiltration obtained by
IDEAL-IQ imaging® in our study may better characterize these relationships.
Additionally, the use of functional performance tests provides more concrete evidence
of a link between hip abductor fatty infiltration and declining patient function.

A novel finding of this study was the relationship observed between hip abductor
fatty infiltration and direct evidence of morphological cartilage degeneration. To date,

relationships of hip abductor muscle quality with measures of joint degeneration have
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been sparsely characterized. Previous studies have mainly focused on establishing
increased levels of hip abductor fatty infiltration in hips with clinically-defined OA.40-43
However, only one study has evaluated differences in muscle quality across a spectrum
of varying degrees of radiographic OA and found greater differences in fatty infiltration
with increasing radiographic severity.*> These previous findings, however, only imply
cartilage degeneration, as cartilage morphology is not visible on radiographs. Our data
provide novel evidence of a direct link between increased hip abductor fatty infiltration
and greater cartilage lesions evaluated using semi-quantitative MR grading.
Additionally, we found evidence of localized patterns of degeneration in the
superolateral aspect of the acetabulum and femoral head in individuals with greater hip
abductor fatty infiltration.

Greater cartilage lesions associated with fatty infiltration would suggest that fatty
infiltration may lead to muscle dysfunction and abnormal mechanical loads placed on
the articular cartilage, particularly in the superolateral cartilage where joint contact
forces have been shown to be highest during gait.'®* The influence of hip abductor
muscle quality on gait biomechanics has previously only been investigated in a post-
surgical total hip arthroplasty cohort in which fatty infiltration was shown to be
associated with greater in vivo joint contact forces.'” Our study similarly found that
increased fatty infiltration was associated with increased frontal plane joint loading
during gait, suggesting that fatty infiltration may lead to muscle dysfunction and reduced
stabilization of the pelvis during gait. Increased hip abductor fatty infiltration was also
associated with reduced isometric hip abduction strength indicating muscle weakness

associated with increased fatty infiltration. Together with findings of decreased physical

106



function and mobility impairment, these data highlight the potential for adipose tissue
stored within the muscle to affect muscle function and subsequently alter the
mechanical loading environment of the joint.

A common finding in this dissertation was the importance of GMED muscle
guality for OA outcomes. By far, fatty infiltration of GMED was associated with the
greatest number of structural and functional OA outcomes compared to GMIN and TFL.
This is likely due to the large size of the GMED and its importance as the primary hip
abductor. However, these results may also be driven by the superior performance of the
automatic segmentation network in segmenting this large muscle which may produce
more accurate estimates of physiological fatty infiltration. Given that this muscle
generates most of the frontal plane forces transmitted across the hip, even low levels of
fatty infiltration appear to be related to significant symptoms and functional decline.
Additionally, with its large size, a fat fraction of 5%, for example, corresponds to a larger
fat volume stored in the muscle compared to a 5% fat fraction in the GMIN. This may
impact surrounding tissues to a greater extent due to the inflammatory effects of
adipose tissue. Further quantitative evaluations of hip abductor muscle quality in
relation to muscle function are needed to confirm these findings.

With respect to lean volume, our results suggest a complex relationship between
muscle structure and function. While fatty infiltration was often observed to be
associated with various structural and functional indicators of OA severity, a loss of lean
volume did not often accompany these findings indicating that fatty infiltration may occur
without a concurrent loss of lean muscle mass. In fact, greater hip abductor lean volume

was associated with worse patient-reported pain and quality of life and increased frontal
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plane joint loading despite also being associated with increased isometric hip abduction
strength. These results suggest a possible hypertrophy mechanism, particularly in the
GMIN, during early-stage disease. As the primary abductor—the GMED—becomes
increasingly dysfunctional due to fatty infiltration, the GMIN may hypertrophy and further
contribute to abnormal frontal plane joint loading. However, the increased GMIN fatty
infiltration observed in individuals with greater morphological cartilage lesions suggests
that this mechanism may potentially lead to more severe degeneration. The authors of a
previous study using fine-wire EMG hypothesized that increased GMIN activity may be
a biomarker of abnormal muscle function in individuals with hip OA.'8! Together, these
data point to increased demands placed on the GMIN due to GMED fatty infiltration as
being pathological and a potential biomarker for OA degeneration. A more
comprehensive evaluation of muscle quality, muscle activity, and joint loading may
provide a better understanding of the role of each individual hip abductor muscle and
patterns of degeneration in the OA disease process.

At the knee, it has been suggested that fat fraction may be more important in OA-
related degeneration than lean muscle volume alone.3884 Qur findings are consistent
with this conclusion and suggest that adipose tissue may significantly impact the
function of nearby lean muscle fibers, and a loss of lean muscle mass may not be
required to elicit negative impacts on muscle function. However, these findings may also
emphasize a very simple point: comparing lean volume in individuals with varying body
sizes is challenging. Smaller muscle volumes measured in smaller individuals may be
wrongly interpreted as muscle atrophy. While factors contributing to physiological

muscle volume differences such as sex or BMI can be controlled for statistically, these
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methods may not be able to fully capture differences in skeletal size or distribution of
body mass. Fat fraction, however, provides an estimate of fat content relative to overall
muscle size; therefore, it is not impacted by these limitations. Fat fraction may be more
useful for gauging the level of atrophy of the muscle associated with disease severity,
whereas measures of absolute volume may better describe within-subject features such
as response to intervention or changes in muscle volume over time.

Although the etiology of adipose tissue stored within skeletal muscle is not well
understood, it is primarily thought to arise from disuse-related atrophy and hormonal
factors.** Our data suggest that fatty infiltration may precede a substantial decrease in
lean muscle volume and may independently play a role in muscle function and joint
health. In addition to contributing to a reduced ratio of lean contractile to non-contractile
adipose tissue, fatty infiltration may reduce the force generating capacity of the muscle
by altering the mechanical and metabolic properties of remaining muscle fibers. Fatty
infiltration is thought to alter muscle fiber pennation angle, decrease elasticity, as well
as induce local inflammation and reduced insulin sensitivity through the release of
proinflammatory cytokines.>’-8 Our findings of increased hip abductor fatty infiltration
associated with worse patient-reported outcomes, function, cartilage lesions, and
increased joint loading point to adipose tissue as a contributing factor to joint
degeneration through muscle dysfunction. However, it remains unclear whether an
increase in fatty infiltration precedes functional decline in individuals with OA, as
decreased physical activity levels associated with symptomatic disease may lead to
secondary increases in fatty infiltration. This study did not measure physical activity or

control for activity levels in our analyses. Future studies are needed to evaluate patterns
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of physical activity in individuals with OA and determine whether increased fatty
infiltration associated with disease severity may be due to lower activity levels.

While hip abductor fatty infiltration was linked to greater morphological cartilage
degeneration, associations with bony changes and joint space narrowing evaluated by
KL grading suggest that muscle quality may not increase linearly with radiographic
disease severity. These results are contrary to previous studies which have
demonstrated that hip abductor muscle quality is higher in individuals with hip OA,40-43
and quadriceps fatty infiltration is associated with radiographic knee OA severity.3® Few
studies have evaluated these relationships in mild-to-moderate OA cohorts, thus
previous findings may be largely driven by advanced disuse-related muscle atrophy in
severe disease. However, a major limitation of our study was the evaluation of muscle
guality at varying points in time relative to the initial KL assessment (up to 3 years after).
Further investigation of this relationship in a cohort in which muscle quality and
radiographic severity are evaluated concurrently is warranted given the observed
association between fatty infiltration and cartilage lesions.

In early-stage disease, degenerative changes to the cartilage ECM include a loss
of PG content and increased mobility of water associated with collagen network
disruption.?® These changes are expected to correlate with an increase in T1p and T2
relaxation times. Our study found no significant association between hip abductor
muscle quality and early degenerative changes to the composition of the cartilage ECM.
Instead, we observed a decrease in T2 relaxation times associated with greater hip
abductor fatty infiltration—indicating a denser collagen network with reduced water

mobility—and trends toward decreased T1p relaxation indicating lower PG content.

110



At the morphological level, hip abductor fatty infiltration was significantly
associated with increased cartilage lesions. This finding may be important for
interpreting the inverse relationship observed between fatty infiltration and cartilage
relaxation. The superficial layer of cartilage is characterized by higher T1p and T2 values
due to differences in proteoglycan content, water content, and collagen fiber orientation
and may be affected first in the degenerative process.8-187 While degenerative
changes to the deep cartilage layer after a loss of the superficial cartilage may lead to a
further increase in relaxation times, the loss of the superficial layer with morphological
degeneration may contribute to an overall decrease in mean relaxation in the remaining
cartilage. This has been demonstrated by T2 values at the knee measured in subjects
with varying degrees of morphological degeneration evaluated using the whole-organ
magnetic resonance imaging score (WORMS). Subjects with a WORMS score of 3 had
lower T2 relaxation times than subjects with a WORMS score of 2 or 2.5.188 Additionally,
there is evidence that the relationship between T2 relaxation times and OA severity may
not be linear.1819 These findings suggest an important role of muscle quality in
morphological cartilage degeneration; however, whether muscle quality is associated
with early compositional changes which precede morphological degeneration is unclear.

Increased joint loading associated with greater fatty infiltration may also
contribute to further decreases in T2 relaxation times as the cartilage adapts to
withstand greater compressive loads. At the knee, overloading-related changes to
cartilage composition have been observed with higher sagittal plane joint loads
associated with decreased T2 relaxation times'® and greater compressive forces linked

to decreased T2 relaxation times!®°. Our study found that increased fatty infiltration was
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associated with increased frontal plane joint loading and decreased T2 relaxation times,
suggesting muscle quality may be related to loading-related adaptations of cartilage.
Given that many factors may contribute to differences in measured cartilage relaxation
times, the findings of decreased cartilage relaxation times in our study are difficult to
interpret. Larger samples of individuals without morphological degeneration may be
needed to better understand the role of muscle quality in early-stage cartilage
degeneration relationships. Overall, our results highlight the importance of a
comprehensively evaluating not only cartilage composition, but also mechanical and

morphological factors which may affect the cartilage.

11.3 Clinical Significance

Overall, the findings of this dissertation are clinically significant, as reducing
symptoms and functional limitations is critical to minimizing patient-perceived disability.
These results indicate that muscle quality is a promising target for interventions aimed
at improving disease outcomes. While the effects of muscle quality modification on
structural progression of OA and functional decline have not been investigated, it has
been shown that muscle quality can be improved through both aerobic and resistance
training.37121-124 Specifically a 12-week strength training program which focused on
progressive, isolated strengthening exercises for the hip abductors and other lower
extremity muscle groups has been shown to elicit changes in hip abductor muscle
quality and volume.37 Our findings suggest that alteration of muscle quality may reduce
frontal plane loads and normalize the mechanical loading environment of the joint;

however, interventional studies are needed to confirm this hypothesis. Together, these
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data highlight the role of muscle quality as an important factor in structural and
symptomatic disease and support current recommendations for exercise in conservative
treatment and management of hip OA.® Furthermore, our findings suggest the GMED
may be preferentially targeted through exercise therapy to improve OA outcomes.
These data also serve to inform the development of future therapeutic strategies and
pharmacological treatments that may prevent or slow the progression of symptomatic

and structural disease.

11.4 Future Directions

Longitudinal and interventional studies are needed to further explore the
relationship of structural joint degeneration and functional decline with hip abductor
muscle quality. This study identified patterns of lesions in superolateral cartilage regions
associated with greater hip abductor fatty infiltration. Future work should evaluate these
patterns using methods which characterize localized changes to cartilage composition
such as voxel-based relaxometry (VBR).1’2 Previous work that evaluated muscle quality
in relation to cartilage composition using VBR was inconclusive.''® Our work suggests
that these types of analyses may need added context regarding cartilage morphology
and joint loading to fully understand the effects of muscle quality on cartilage
degradation. The GMED and GMIN are multipennate muscles with distinct functional
segments which may be affected differently in aging and OA disease processes!®t:19?
and may respond differently to exercise intervention.*®” Therefore, advanced analyses
such as statistical parametric mapping may be utilized to allow for an in-depth

evaluation of localized fatty infiltration within the muscle and relationships with structural
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degeneration and functional decline. Additionally, further investigation of mechanical
and inflammatory properties of muscle in the presence of fatty infiltration is needed.
Quantitative imaging techniques such as diffusion tensor imaging*°® or T> mapping?®* of
muscle may provide information on the architecture and inflammatory environment of
the muscle in the presence of fatty infiltration to better understand the structure-function

relationship of muscle in OA.
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