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Abstract 

INTRODUCTION AND BACKGROUND: 

The initial chapters of this thesis will introduce the importance of evaluating cachexia 

and muscle loss in patients with chronic disease, definitions of terminology associated 

with muscle mass loss and disease, cellular pathways and mechanisms by which chronic 

kidney disease leads to loss of muscle, and current modalities by which skeletal muscle 

amounts can be quantified.  

OBJECTIVES: 

The aim of this study was to evaluate the intra- and inter-rater reliability of epaxial 

muscle cross-sectional area measurement on feline CT images and to determine the 

relationship between normalized epaxial muscle area (EMA) and subjective muscle 

condition score (MCS). 

METHODS: 

Feline transverse CT images including the junction of the 13th thoracic vertebrae/13th 

rib head were retrospectively reviewed. Right and left epaxial muscle circumference 

and vertebral body height were measured and an average normalized EMA (ratio of 

epaxial area:vertebral height) was calculated for each image. Measurements were 

performed by three individuals blinded to the clinical data and were repeated 1 month 

later. Intra- and inter-rater reliability of EMA was assessed with concordance 
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correlation coefficient (CCC), and Bland-Altman analysis was performed to assess 

bias and limits of agreement (LoA) between and within observers at different time 

points. In cats for which MCS data were available, EMA was compared between 

differing MCSs via the Kruskal-Wallis test, with Bonferroni-corrected Wilcoxon 

rank-sum post-hoc analysis. 

RESULTS: 

In total, 101 CT scans met the inclusion criteria for reliability analysis, 29 of which 

had muscle condition information available for analysis. Intra-rater EMA CCC ranged 

from 0.84 to 0.99 with minimal bias (range -0.16 to 0.08) and narrow LoA. Inter-rater 

EMA CCC ranged from 0.87 to 0.94, bias was larger (range -0.46 to 0.66) and LoA 

were wider when assessed between observers. Median EMA was significantly lower 

in cats with severe muscle atrophy (2.76, range 1.28-3.96) than in all other MCS 

groups (P <0.0001 for all comparisons). 

CONCLUSIONS AND RELEVANCE: 

Measurement of EMA on CT showed strong intra-rater reliability, and median EMA 

measurements were significantly lower in cats with severe muscle wasting, as 

assessed on physical examination. Further studies correlating EMA to lean muscle 

mass in cats are needed to determine whether this method may be useful to quantify 

muscle mass in patients undergoing a CT scan. Further studies are needed to identify 

the best clinical modality to quantify skeletal muscle in veterinary patients, and to 

evaluate possible interventions which could stop or slow progression of cachexia.  
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Chapter 1. Introduction 

“Cachexia” generally refers to a loss of muscle mass and has been described in multiple 

disease processes in humans and companion animals.1 It may seem obvious that people, 

cats, and dogs with chronic diseases lose weight, muscle mass, and strength. Indeed, the 

first description of cachexia in the medical literature comes from Hippocrates in Ancient 

Greece: “The flesh is consumed and becomes water, ··· the abdomen fills with water, the 

feet and legs swell, the shoulders, clavicles, chest and thighs melt away ··· This illness is 

fatal.”1 However, the detrimental effects of loss of muscle on patient outcome, even 

before reaching the level of severity described by Hippocrates, on patient outcome are 

only now being elucidated.  

 

Numerous studies in humans have established cachexia, decreased strength, and/or 

unintended weight loss as an independent risk factor for death, adverse events, and 

disease progression in chronic kidney disease, chronic obstructive pulmonary disease, 

and multiple cancers.2-11 Aside from its effects on mortality and outcome, decreased 

muscle mass and strength are associated with loss of quality of life in older adults.12 

In dogs, loss of skeletal muscle has been associated with decreased survival in congestive 

heart failure.13 In a study in cats with a diagnosis of neoplasia, muscle wasting was 

present, and decreased body condition and body weight were found to be negative 
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prognostic indicators for remission and survival.14 However, muscle condition was not 

included in the survival analysis. Another study evaluating the effect of body weight and 

body condition on survival of cats with heart failure identified a ‘U-shaped’ correlation 

between body weight and survival, in which cats with the lowest and highest body 

weights had the highest risk of death, but muscle condition was not evaluated in those 

cats.15 Analysis of body weight’s effect on survival in cats with chronic kidney disease 

showed a similar ‘U-shaped’ relationship; cats with the highest and lowest body weights 

at diagnosis had the highest risk of death.16 Again, muscle condition was not evaluated in 

this study. A very recent study evaluated survival time in cats with congestive heart 

failure, according to seven different definitions of cachexia extrapolated from humans. 

When muscle condition was used as the defining factor, 46% of cats with congestive 

heart failure were cachectic, and the median survival time in cachectic cats was shorter 

by almost 100 days.17 

 

Further studies investigating cachexia in companion animals with chronic diseases are 

indicated, as studying and identifying mechanisms associated with cachexia may  identify 

interventions to prevent it or slow its progression. However, performing such research 

requires a repeatable, objective measure of skeletal muscle quantity. Early or subtle 

decreases in skeletal muscle may be difficult to detect via changes in body weight alone. 

Decreases in skeletal muscle may also occur simultaneously with increases in fat mass, 

leading to stable or minimally affected body weight despite progressive losses of muscle. 

Body weight is also affected by pathologies such as dehydration, effusion or tumor 

growth, which may confound identification of losses in fat and muscle mass. Body 
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condition scoring systems are designed to detect losses in fat mass and may miss 

decreases in skeletal muscle mass, especially if subtle.18 Muscle mass, specifically, can 

be evaluated on physical examination using the muscle condition scoring (MCS) system 

described by Michel et al.18 However, this system is subjective and showed only modest 

correlation to lean body mass as determined by dual x-ray absorptiometry (DEXA, 

described in later chapters).18 The World Small Animal Veterinary Association 

(WSAVA) has also published guidelines for qualitative muscle condition scoring based 

on Michel’s system; however, the same concerns for subjectivity and poor correlation to 

reference standards (such as they are) remain for this system.19 In humans, imaging 

modalities such as muscle group ultrasound, abdominal MRI, and abdominal CT have 

been used to create estimates of whole-body skeletal muscle mass.20-36 In veterinary 

medicine, these modalities are not yet well-established to evaluate skeletal muscle. 

Clearly, more objective and accessible assessments of muscle condition are needed 

before reliable research into the mechanisms behind and effect of cachexia on morbidity 

and mortality in chronic disease can progress.  

 

This thesis will review definitions associated with cachexia and muscle loss in aging and 

disease states, known mechanisms by which chronic disease may predispose patients to 

developing cachexia, as well as methods used in human medicine to quantify skeletal 

muscle mass and volume for cachexia detection. It will also describe one of the first 

forays into the use of CT scan for evaluation of skeletal muscle quantity in cats.  The aim 

of this thesis is to give the reader a background in definitions associated with 

cachexia/sarcopenia, mechanisms by which cachexia occurs in chronic kidney disease, 
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and to establish whether CT evaluation of feline epaxial muscles can be performed 

repeatably within/between observers. A secondary aim is to establish the relationship 

between CT-evaluated feline epaxial muscle cross-sectional area and muscle condition 

assessed on physical examination.  
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Chapter 2.  Definitions and Terminology  

 

Terminology used to describe weight loss associated with age and chronic disease has 

varied widely, hampering the ability to compare scientific findings across studies and 

disciplines. When this phenomenon was initially identified, no clear vocabulary existed 

for clinical features of weight loss, fat loss, and/or muscle mass loss associated with age, 

decreased nutrient intake, or chronic disease states. Terms such as malnutrition, cachexia, 

weight loss, wasting, and others were used without definitive characteristics for each. 

Recently, however, consensus groups have sought to unify the language used to describe 

these clinical phenomena. The following chapter reviews the current definitions for 

common terms used to describe age- and disease-associated tissue wasting in human 

medicine, and discusses potential applications to veterinary medicine, where no 

consensus definitions currently exist. Notably, general definitions for these terms have 

been defined, while clinical definitions that can be used to definitively determine the 

presence or absence of these types of tissue wasting still vary somewhat among 

consensus groups. In veterinary medicine, no clinical consensus definitions for 

malnutrition, sarcopenia, cachexia, or protein-energy wasting currently exist. 
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Malnutrition 

A recent consensus statement from the European Society of Clinical Nutrition and 

Metabolism (ESPEN) attempted to clarify and define terminology related to nutrition and 

weight/muscle loss.37 In this document, “malnutrition” is defined as a “state resulting 

from lack of intake or uptake of nutrition that leads to altered body composition 

(decreased fat free mass) and body cell mass leading to diminished physical and mental 

function and impaired outcome from disease”.37 In simpler terms, malnutrition can refer 

to a lack of intake of nutrients, such as in starvation or anorexia, or metabolic 

derangements that result in altered nutritional needs that are not met by the individual 

patient’s diet. Malnutrition can be associated with starvation, advanced aging, or disease, 

or a combination of these factors.37 The resulting alterations in body composition can 

lead to the outcomes of secondary sarcopenia, protein-energy wasting, and cachexia 

(defined below), and are associated with an increased risk of adverse outcomes and 

mortality, regardless of the underlying reason that the patient became malnourished in the 

first place.37 

 

An earlier consensus statement from the same group outlined diagnostic criteria that 

established a clinical definition of malnutrition. Two alternative definitions of 

malnutrition were proposed:38 

• Definition 1: Body mass index (BMI) [weight in kg/(height in m)2] < 18.5 kg/m2 

or 
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• Definition 2: Unintentional weight loss > 10%, or > 5% in 3 months, in 

combination with either 

o BMI < 20 kg/m2 (< 70 years of age); BMI < 22 kg/m2 (≥ 70 years of age) 

or 

o FFM index (FFMI) [FFM in kg/(height in m)2] < 15 kg/m2 (women) or 17 

kg/m2
 (men) 

Fat-free mass (FFM) in this definition was measured by validated technical devices such 

as bioelectrical impedance (BIA) or dual-energy x-ray absorptiometry (DEXA), or 

imaging techniques such as computed tomography (CT), ultrasound (US), or magnetic 

resonance imaging (MRI).38 Techniques to measure FFM are discussed in later chapters.  

 

Note that under definition 2, unintentional weight loss and loss of FFM (i.e. skeletal 

muscle) are sufficient to define malnutrition, regardless of loss or gain of fat mass. Also 

note that both definitions identify cut points for normal BMI and FFMI, which are 

problematic in veterinary patients as breed-, sex-, neutering status-, and age-specific 

reference intervals for BMI and FFMI are not established. As such, this paper will adhere 

to the general definition of malnutrition described in the first paragraph.  

 

Simple & Stressed Starvation 

“Simple starvation” refers to the body’s normal response to short-term or prolonged 

fasting in the absence of underlying disease.39 In the short-term (< 72 hours), insulin 

secretion diminishes as glucagon and catecholamine secretion increase, leading to 
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glycogenolysis, lipolysis, triglyceride hydrolysis and release of free fatty acids and 

glucose which are used for energy. In the longer term, glycogen stores are depleted, and 

hepatic and renal gluconeogenesis maintain blood glucose. Glucose is synthesized from 

amino acids, glycerol from adipose tissue, and lactate from muscle anaerobic metabolism. 

To decrease consumption of amino acids and protein, metabolic rate decreases 10-15% 

(via reduction of thyroid hormone and catecholamine secretion) and the body and brain 

adapt to using a higher proportion of ketones from free fatty acid beta oxidation for 

energy. These adaptations can decrease protein catabolism by up to two-thirds.39 

 

In “stressed starvation”, ongoing inflammation or critical illness prevent the adaptive 

responses to fasting described above, leading to ongoing protein catabolism in preference 

to adipose tissue and ketone use for energy.39 The underlying disease causing 

maladaptive protein catabolism commonly induces anorexia or hyporexia as well, leading 

to a vicious cycle of malnutrition and ongoing loss of muscle.37, 40-42 With time, stressed 

starvation will lead to the clinical outcomes of sarcopenia and cachexia, described below. 

 

Sarcopenia 

Generally, sarcopenia refers to loss of muscle mass, strength, and function.37, 43-48 

Initially, consensus definitions differed as to whether the term “sarcopenia” was reserved 

for age-related loss of FFM in the absence of disease, or referred to FFM loss secondary 

to any cause. he newest definitions in human medicine now differentiate muscle loss 

secondary to age (primary sarcopenia) and secondary to disease and other factors like 
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disuse or malnutrition (secondary sarcopenia) within this term.37, 45, 47 Notably, 

sarcopenia by itself is not associated with weight loss, as increased fat mass, tumor 

burden, or fluid retention can offset the loss of muscle mass and result in stable weight.49 

If such an offset is occurring, identification of early sarcopenia can be clinically 

challenging.  

 

Unfortunately, clinical definitions of sarcopenia vary according to measures used to 

determine muscle mass and function as well as cut-points to define presence/absence and 

stages of sarcopenia. More recent definitions in human medicine have focused on loss of 

muscle strength and decline in physical function, rather than loss of overall muscle mass, 

as the principal determinant of sarcopenia.46 Most clinical definitions use a combination 

of estimated muscle mass and tests of muscle strength, physical function, or both.45, 46, 50 

For example, the consensus statement from the European Working Group on Sarcopenia 

in Older People (EWGSOP) defines sarcopenia according to the following factors:45, 46 

• DEXA-assessed skeletal muscle mass index (appendicular skeletal muscle 

mass/height) < 7.0 - 7.26 kg/m2 (men) or < 5.5 kg/m2 (women) 

• Grip strength < 27 - 30 kg (men) or < 16 - 20 kg (women) 

• Short physical performance battery score (SPPB) ≤ 8 

o Composite score including balance, gait speed, and time to rise from 

sitting to standing 8 times 

o Some studies use gait speed < 0.8 m/s alone45 

The EWGSOP consensus statement also includes gradations for sarcopenia based on 

bioimpedance analysis, and distinguishes “pre-sarcopenia” from “sarcopenia” and 
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“severe sarcopenia” based on whether the patient has loss of muscle mass, strength, 

physical performance, or all three.45 Regardless of definition, sarcopenia was associated 

with decreased quality of life, injury, and all-cause mortality in older adults.12, 51 The 

ESPEN consensus statement also cites the above parameters to define sarcopenia 

clinically.37  

 

Computed tomography is also commonly used to assess skeletal muscle quantity 

(discussed further in later chapters). For example, a recent study in healthy Korean adults 

proposed age-specific cutoff values for sarcopenia using estimated cross-sectional area of 

the psoas muscle at the level of the third lumbar vertebra, adjusted for patient height 

(termed the psoas muscle index, or PMI) as follows.26 

 

Table 1: Proposed Age-Specific Cutoff Values for Psoas Muscle Index in Korean Adults. 

Age Group  
(years) 

Male Cutoff Value 
(mm2/m2) 

Female Cutoff Value 
(mm2/m2) 

< 40 592.3 399.9 
40-49 474.0 287.7 
50-59 422.2 242.5 
60-70 374.4 220.4 
> 70 331.5 147.6 

 
 

Clearly, similar age- and sex- specific cutoff values are needed for other ethnic groups 

before such cut-points can be used widely in the general patient population. Note that cut-

off values decrease with each age group in both sexes, and that the difference between 

male and female cutoff values also decreases with age.26 Another study in obese cancer 

patients used skeletal muscle cross-sectional area at L3 on CT scan, normalized by body 
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surface area, to predict total body skeletal muscle and determined cutoffs for sarcopenia 

based on survival analyses.22 This study proposed 52.4 cm2/m2 in men, and 38.5 cm2/m2 

in women, to define sarcopenia in this patient population.22 

 

Validation of specific definitions of sarcopenia is complicated by the lack of a “gold-

standard” definition for sarcopenia and the use of different outcome parameters in 

different studies. A comparison of agreement between various definitions for sarcopenia  

revealed only slight-moderate agreement between most definitions.50 As such, there is no 

working “gold-standard” clinical definition of sarcopenia in human medicine. Certainly, 

there is no clinical definition that lends itself to extrapolation to veterinary medicine, as 

all use measures such as gait speed, grip strength, BMI, or FFMI that do not translate or 

are not currently established for veterinary patients. Within the research that has been 

performed in veterinary medicine, definitions of “sarcopenia” mainly adhere to the 

definition of primary sarcopenia listed above. Namely, “sarcopenia” in veterinary 

medicine traditionally refers to muscle mass associated with aging in the absence of 

disease.52 Therefore, we will adhere to this definition for the purposes of this paper.   

 

Sarcopenic Obesity 

 
It is important to note that obesity and sarcopenia are not mutually exclusive. “Sarcopenic 

obesity” refers to a state in which aging or underlying disease leads to progressive loss of 

lean body mass while excessive fat mass is preserved or increased.45, 53, 54 Sarcopenia can 

be more difficult to identify in obese individuals, but obesity itself may contribute to 
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sarcopenia development by increasing fat infiltration into muscle, release of adipose-

associated inflammatory mediators, insulin resistance, promoting a sedentary lifestyle, 

and further lowering physical function.46, 53 Unfortunately, no consensus clinical 

definition currently exists for sarcopenic obesity in human medicine. 

 

Protein-Energy Wasting 

In the literature, “protein-energy wasting” (PEW) refers to “the state of decreased body 

stores of protein and energy fuels (that is, body protein and fat masses). This abnormality 

is often associated with diminished functional capacity related to metabolic stresses.”55 

Thus, PEW represents a change in energy stores (protein and adipose tissue) that can lead 

to sarcopenia/cachexia in late stages, and specifically deals with an absolute or relative 

decrease in protein intake compared to the body’s needs.56, 57 PEW occurs secondary to 

states of disease or chronic inflammation, and can result in loss of both fat and muscle.55, 

58, 59 In PEW secondary to disease, the condition cannot be reversed by providing 

increased nutritional supplementation, unless the underlying disease that led to PEW is 

also addressed.60  

 

Most of the literature on PEW deals specifically with chronic kidney disease (CKD), 

although scoring systems used in a recent meta-analysis to establish PEW have also been 

applied to patients with other diseases.59 Such scoring systems include the seven-point 

“subjective global assessment of nutritional status” (SGA)61 and the “comprehensive 

malnutrition-inflammation score” (MIS).62 Both the SGA and MIS apply subjective 
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scores for unintentional weight loss, qualitative decreases in dietary intake, 

gastrointestinal symptoms, qualitative decreases in physical function, and decreases in fat 

and muscle mass assessed on physical examination.61, 62 The SGA additionally assigns 

points for severity of edema and a subjective rating for “overall nutritional status”.61 The 

MIS also accounts for years on dialysis and severity of comorbidities, as well as 

quantitative measures of body mass index (BMI) [weight in kg/(height in m)2], serum 

albumin, and serum total iron binding capacity.62 In general, to meet criteria for PEW, 

unintentional weight loss, muscle mass loss, and low dietary protein intake occur, with 

possible subsequent decreases in albumin.57 In general, PEW criteria include loss of 

muscle and body weight, even if absolute cut-off points for low muscle mass or BMI 

have not yet been reached.57 Thus, it could be said that PEW occurs prior to, and 

eventually results in, losses of muscle mass and function severe enough to be termed 

“cachexia”.  

 

The above scoring systems could be extrapolated to veterinary patients but have yet to be 

validated in dogs and cats. In this paper, PEW will refer to a combination of metabolic 

and appetite derangements that predispose the patient to losses of lean body mass with or 

without fat mass losses. The pathophysiology of PEW will be discussed extensively in 

later chapters.  
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Cachexia 

Cachexia refers to a “complex metabolic syndrome associated with underlying illness and 

characterized by loss of muscle with or without loss of fat mass.”45  Like PEW, cachexia 

is not reversible by improved nutritional intake, without first correcting the underlying 

disease process causing the cachexia.49, 63 Cachexia may be considered a subset of 

secondary sarcopenia, in which loss of muscle mass and strength is associated with 

underlying chronic disease and inflammation and excludes “normal” muscle loss 

associated with starvation or aging. Indeed, the recent ESPEN consensus statement on 

nutrition terminology in human medicine advocates for the use of “cachexia” 

interchangeably with “chronic disease-related malnutrition (DRM) with inflammation.”37 

DRM with inflammation/cachexia is considered distinct from “non-DRM” such as 

hunger or starvation, and from “DRM without inflammation” which encompasses 

diseases that cause mechanical decreases in nutrient intake (i.e. dysphagia, neurologic 

disorders, or dementia).37 Note that non-DRM and DRM without inflammation would 

result in decreased absolute intake of nutrients, but, at least in early stages, would not be 

expected to result in malabsorption, maldigestion, or metabolic derangements that affect 

nutritional needs, appetite, or muscle/energy homeostasis (discussed in later chapters). As 

such, the exaggerated loss of muscle mass and function in excess of loss of fat stores for 

energy occurs only in cachexia, and does not occur in states of decreased nutritional 

intake in the absence of underlying disease, at least not until very late stages.45  
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Like sarcopenia, many clinical definitions for cachexia have been proposed, and no “gold 

standard” clinical definition currently exists in the human literature.37, 41, 42, 47, 49, 63-65 The 

ESPEN consensus statement suggests applying the same absolute criteria as for 

malnutrition (see above), with the caveat that a simultaneous disease or biochemical 

indices indicative of inflammation [increased C-reactive protein (CRP); decreased 

albumin] must also be present.37 Other studies make use of similar parameters used to 

define sarcopenia above, in the presence of chronic disease.63 Scoring systems have been 

devised that use weight or weight loss, body composition and muscle function tests like 

grip strength, hematologic and biochemical parameters such as hematocrit, lymphocyte 

count, albumin, interleukin (IL)-6, CRP, prealbumin, lactate, and others, as well as 

patient questionnaires to establish the diagnosis.40, 41, 64 Still other studies include no 

measure of skeletal muscle mass or function in their definition, using only weight loss 

and BMI to determine whether cachexia is present.42 Again, regardless of the definition 

used, none lends itself readily to extrapolation to cats and dogs. As such, “cachexia” in 

this paper will refer to disease-associated loss of muscle mass, strength, or function, 

regardless of fat mass.   

 

Cachexia is considered the end-stage of PEW in some studies,55-57 although other studies 

attempt to define a less severe state, “pre-cachexia”, which may be considered similar to 

PEW. In pre-cachexia, unintentional weight loss and appetite derangements are already 

occurring, and an underlying chronic disease or systemic inflammation must be present.47 

Note the similarities in this definition to the parameters of the SGA and MIS scoring 

systems used for PEW in the above section. Some studies, mainly centered in cancer-
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associated cachexia, also define a more severe category, termed “refractory cachexia”, 

characterized by severe weight loss and low BMI.42, 63 

 

For clarification of the interrelationships of each of the above terms, refer to Figure 1. 

These relationships will define the use of each of these terms for the remainder of this 

paper.  

 

 

Figure 1: Interrelationships between terminology used to describe weight and muscle loss 
in states of altered nutritional & disease status. 
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Chapter 3. Skeletal Muscle Physiology, Hypertrophy, and Atrophy 

Skeletal muscle functions to create movement and force, maintain posture, determine 

basal energy metabolism, and produce heat to maintain core body temperature.66 It 

contains 50-75% of all body proteins, accounts for 30-50% of whole-body protein 

turnover, and acts as an important reservoir for amino acids used by other organs and 

tissues.66 At all times, protein synthesis and degradation are occurring within muscle 

fibers; the strength and quality of skeletal muscle is the result of a balance between these 

two opposing processes.67 This balance is affected by a number of external and internal 

factors, including exercise and physical activity, diet, neuronal input, muscle fiber type, 

mitochondrial number and location, and hormonal inputs.67 The following chapter will 

review the normal structure and physiology of skeletal muscle, and explore the cellular 

pathways that promote muscle synthesis and degradation.  

 

Review of Skeletal Muscle Structure & Physiology 

 
Individual skeletal muscles are comprised of groups of muscle “fascicles”, each of which 

is composed of multiple muscle cells, called “muscle fibers” or “myocytes.”68  The 

skeletal muscle as a whole is surrounded by a connective tissue sheath called the 

“epimysium”; connective tissue around each fascicle is termed the “perimysium”, and 
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connective tissue around each muscle fiber is termed “endomysium.”68  In turn, each 

muscle fiber contains multiple nuclei (myonuclei), mitochondria, and many long, 

filamentous protein structures arranged in parallel called “myofibrils”, each of which runs 

nearly the length of the muscle itself (Fig. 2).68, 69  

 

Figure 2: Structure of skeletal muscle. (From: Biga et al.69 [Fig. 10.21]) 

 

The myofibrils consist of individual subunits, called “sarcomeres”, which are arranged in 

series and are responsible for muscle contraction in response to an action potential. The 

sarcomeres are composed of protein “filaments”; a “thick filament” composed of 

“myosin”, and a “thin filament” which is a complex of the proteins “actin”, 

“tropomyosin”, and “troponin”. Troponin is composed of three subunits, I, C, and T. 

These proteins are arranged to form the thick and thin filaments as shown in Figure 3.70  
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Figure 3: (A) Structure of the thick filament of skeletal muscle. (B) Structure of the thin 
filament of skeletal muscle. (From: Costanzo, L70 [Fig. 1.21]) 

 

Note that in the above figure, the myosin molecule ends in two “heads”, and that the 

tropomyosin molecule is wound about the chain of actin molecules, binding the troponin 

complex and holding it in place. “Active sites” on the actin molecule chain are hidden 

underneath the troponin complex; these active sites can bind with the myosin heads if the 

troponin complex is moved out of the way.70, 71 The thick and thin filaments are arranged 

within the sarcomere as shown in Figure 4,70 and the myofibrils are composed of multiple 

sarcomeres in sequence.  
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Figure 4: Structure of a sarcomere. (From: Costanzo, L70 [Fig. 1.22]) 

 

Within the myocyte, specialized, calcium-containing “sarcoplasmic reticulum” (SR) 

winds in tubules that surround the individual myofibrils, ensuring that calcium release 

from the SR in response to an action potential rapidly exposes the sarcomeres to large 

numbers of calcium ions, which bind the troponin C subunit. This causes a 

conformational change in the tropomyosin molecule which “uncovers” the active sites on 

the actin molecule, allowing them to bind with the nearby myosin heads in the 

sarcomere.70, 71 In the presence of adenosine triphosphate (ATP), this begins a process 

called “cross-bridge cycling”, which allows for contraction of the myofibril.  

 
 
Cross-bridge cycling will continue as long as calcium is bound to the troponin C subunit 

of the light chain complex and ATP is still available. The actin and myosin molecules 

will be dragged across each other, overlapping more and more until cross-bridge cycling 
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ceases. When combined across multiple myofibrils, this process will result in shortening 

of the whole muscle and contraction.66, 70, 71  

Relaxation of the myofibril will not occur until intracellular calcium levels fall to 

baseline (< 10-7 M). Calcium decreases as the Ca2+ ATPase of the sarcoplasmic reticulum 

(SERCA) pump returns calcium to the interior of the SR. When intracellular calcium 

levels are insufficient to bind troponin C, tropomyosin resumes its previous 

conformation, once again blocking the active sites of the actin filament from access to the 

myosin heads.70  

  

Skeletal muscle has been classified according to multiple different criteria throughout its 

study, including color, myoglobin content, fatiguability, calcium handling by the SR, and 

others.66 Currently, three classification schemes exist: classification based on staining for 

the ATPase molecule on the myosin head, classification based on the isoform of myosin 

molecule present in the myofibril, and classification based on predominant energy 

metabolism used (glycolysis vs. oxidative phosphorylation).72 Generally three basic 

muscle fiber types exist, based on multiple characteristics:66, 71 
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Table 2: Classification of Muscle Fiber Types. 

Fiber 
Type 

Contraction 
Speed 

Predominant 
Pathway for 
ATP 
Synthesis 

Myoglobin 
Content 

Fatiguability Mitochondria 

I  Slow Oxidative High Low Many 
IIa Fast Mixed* Low Intermediate Few 
IIx/IIb Fast Glycolytic* Low High Few 
*Variability in metabolism exists for IIa and IIx/IIb fiber types 

 
 
 
The specific molecular characteristics of the myosin filaments in each type confer these 

differences in contraction speed.66 While a good correlation exists between type I myosin 

heavy chain isoform-containing fibers and oxidative metabolism, not all IIa fibers have 

mixed oxidative-glycolytic metabolism, and not all IIx/IIb fibers have glycolytic 

metabolism.72 Importantly, different fiber types respond differently to processes such as 

exercise, nutrient depletion, denervation, and aging.67 

 

Muscle growth occurs mainly through hypertrophy of individual myocytes, and only 

rarely through hyperplasia. Generally, hypertrophy involves a greater rate of synthesis 

actin and myosin filaments; filament number can increase by as much as 50% when 

hypertrophy is occurring.71 By contrast, disuse and other factors will lead to muscle fiber 

atrophy, in which the rate of actin and myosin degradation exceeds the rate of synthesis. 

Satellite cells, the adult stem cells of skeletal muscle, are present between myocytes and 

can proliferate and differentiate into new myocytes for muscle growth, repair, and 

regeneration.66 In some conditions such as hypertrophy associated with exercise and 
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muscle damage, satellite cell activation and the addition of new myonuclei may occur; 

however the contribution of satellite cell recruitment to myofiber hypertrophy is currently 

controversial.67, 73, 74 Specific pathways associated with atrophy and hypertrophy are 

discussed in the next section.  

 

Signaling Pathways Promoting Skeletal Muscle Growth & Hypertrophy 

mTOR Pathway 

Mammalian target of rapamycin (mTOR), an intracellular serine/threonine kinase, is a 

major regulator of skeletal muscle mass, especially as it relates to resistance training and 

recovery from atrophy.67, 73 mTOR exists in complexes with other protein components. 

The hypertrophic effects of mTOR complex 1 (mTORC1), a complex of proteins 

including mTOR and “raptor”, a scaffold protein which regulates substrate binding and 

complex assembly, are best elucidated.67, 73, 75, 76 However, mTORC2, containing a 

different scaffold protein called “rictor”, may also have pro-synthetic effects are not yet 

fully understood.77 For the purposes of this paper, we will focus on mTORC1 signaling.  

 

mTORC1 has myriad downstream effects depending on effector molecule and cell type, 

including appetite regulation, adipogenesis, lipogenesis, insulin regulation, lysosomal 

regulation, and oncogenesis.75 In skeletal muscle, the effector mechanisms of mTORC1’s 

anabolic effects are incompletely characterized.67, 75 However, the most likely effectors of 

mTORC1 in affecting protein translation are phosphorylation of a serine/threonine 

protein kinase called p70S6K1, phosphorylation of an inhibitory protein called 4E-BP1, 
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and potentially, increased synthesis of protein subunit eIF2Bε of the eIF2B 

holoenzyme.73  

 

Activation of p70S6K1 increases ribosomal translation of mRNA into proteins via multiple 

mechanisms, inhibits degradation of certain pro-synthetic proteins by the ubiquitin 

proteasome system (described below), increases biogenesis of ribosomes, and increases 

synthesis of pyrimidine DNA and RNA nucleotides.73 4E-BP1 inhibits recruitment of the 

40S ribosomal subunit for initiation of protein translation, until phosphorylated by 

mTORC1.73 Hypophosphorylated 4E-BP1 also inhibits translation of certain mRNAs 

with specific characteristics of their 5’-untranlsated regions including cyclin D1, c-Myc 

and ornithine decarboxylase, which play a role in mechanically-induced hypertrophy of 

skeletal muscle.73 Thus, phosphorylation of 4E-BPI by mTORC1 increases RNA 

transcription and protein translation. The eIF2B holoenzyme delivers the initiator tRNA 

to the 40S ribosomal subunit, a crucial step in initiation of protein translation; availability 

of the eIF2Bε subunit may be the rate-limiting factor in protein synthesis.73 Thus, 

activation of mTORC1 produces multiple downstream effects to upregulate RNA 

synthesis, increase protein translation rate and capacity, and potentially to upregulate 

specific synthesis of pro-hypertrophic proteins in skeletal muscle.73 

 

In addition to its effects on protein anabolism, mTORC1 also upregulates transcription of 

mitochondrial genes.78 Likely, these effects are mediated through mTORC1 activation of 

peroxisome-proliferator-activated receptor coactivator (PCG)-1α, allowing it to interact 

with a transcription factor, Yin Yang 1 (YY1).78 In complex, these proteins upregulate 
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transcription of multiple genes involved in oxidative phosphorylation, the tricarboxylic 

acid cycle, and uncoupling mitochondrial respiration for heat production.78 mTORC1 

activation also increases glycolytic energy metabolism via increased synthesis of hypoxia 

inducible factor 1α.75 Therefore, as mTORC1 activation drives protein synthesis and 

energy consumption, it also increases ATP synthesis by both oxidative and glycolytic 

pathways.  

 

mTOR, potentially in both the mTORC1 and mTORC2 complexes, also has inhibitory 

effects on protein degradation and autophagy pathways (discussed below) which may 

also contribute to hypertrophy.77 For example, mTORC1 phosphorylates and inhibits both 

unc-51-like kinase 1 (ULK1) and Atg13, two key components to autophagy initiation.79, 

80 However, further studies are needed to evaluate mTOR’s role in regulating the protein 

degradation pathways that we will discuss in later sections.  

 

mTORC1 is activated by multiple stimuli. One prominent activation pathway is the 

insulin-like growth factor 1/phosphoinositide-3-kinase-Akt/protein kinase B-mammalian 

target of rapamycin (IGF-1/PI3K-Akt/PKB-mTOR) pathway.67, 81 IGF-1 is a 7.5 kD 

protein in the somatomedin family which is synthesized by multiple body tissues in 

response to stimulus by pituitary growth hormone.82, 83 IGF-1 secretion, and therefore 

mTOR activation, decreases during fasting, when insulin concentrations in the portal vein 

are low, and increases with protein intake.83-85 IGF-1 receptors are located on the cells of 

multiple body tissues, and initiate intracellular signaling pathways involved in protein 

synthesis, cellular hypertrophy and division, and avoidance of apoptosis.85 PI3K  
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(activated through stimulation of  insulin receptor substrate (IRS)-1 by the IGF receptor) 

acts as the major intracellular signal promoting protein synthesis in response to IGF-1 

binding its receptor in multiple cell types throughout the body.85 Activation of PI3K then 

stimulates Akt (also known as protein kinase B), which in turn inhibits a molecule called 

tuberin, or tuberous sclerosis 2 (TSC2). Inhibition of TSC2 activates Rheb (Ras-homolog 

expressed in the brain), which in turn activates mammalian target of rapamycin 

(mTOR).73 Akt also inhibits pras40, a molecule which inhibits mTORC1 activity through 

interactions with the raptor protein.79 Thus, activation of Akt by PI3K relieves mTORC1 

inhibition. Muscle hypertrophy in response to β-adrenergic agonists and androgen 

hormones also occurs via Akt-mediated mTORC1 activation.67  

 

Increases in extracellular amino acid concentrations, in particular leucine and arginine, 

also activate mTORC1 independently of the Akt pathway. This occurs via processes that 

recruit inactive mTORC1 to the surface of intracellular lysosomes, where activation 

occurs.75, 79 mTORC1 activation also occurs with mechanical loading of muscle, such as 

resistance exercise. This activation also appears to occur via pathways other than the 

IGF-1 pathway described above, although the extracellular signals by which mTOR 

“senses” mechanical loading are currently controversial.73  

 

Importantly, suppression of mTORC1 signaling occurs under multiple types of cellular 

stress, including energy/ATP depletion, hypoxia, proteotoxic stress (buildup of misfolded 

proteins), damage or dysfunction of the endoplasmic reticulum, osmotic disequilibrium, 

DNA damage, and oxidative stress.79, 86 This makes physiologic sense, as reduction in 
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mTORC1 activity would lead to energy conservation and a reduction in the synthesis of 

misfolded proteins.  

 

Notably, while multiple studies indicate the importance of mTOR signaling for muscle 

hypertrophy in response to resistance exercise, and for muscle regeneration, mTOR’s 

involvement in basal protein synthesis rates and maintenance of existing muscle mass is 

less clear.73 

 

Signaling Pathways Promoting Skeletal Muscle Atrophy 

Atrophy, the shrinkage of myofibers, results from multiple processes, including disuse, 

starvation/malnutrition, and denervation. Atrophy occurs due to loss of proteins, mainly 

myofibrillar components including the light and heavy chains of myosin, actin, and 

structural sarcomeric proteins. Organelles and cytoplasm are also lost in atrophy.67 

Skeletal muscle atrophy occurs via two major mechanisms: the ubiquitin-proteasome 

system (UPS), and the autophagy-lysosome pathway (ALP).74 Both systems interact to 

result in a net loss of protein mass within the myocyte.  

 

Ubiquitin-Proteasome System 

Ubiquitin is single-chain polypeptide found in most cell types, and the addition of 

ubiquitin in specific conformations to an existing intracellular protein marks that protein 

for proteasomal destruction. The ubiquitination process involves three main steps, 

requiring sequential actions from three enzymes, categorized into E1, E2, and E3 groups. 
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E1 enzymes activate ubiquitin, then conjugate it onto the active site of an E2 

(conjugating) enzyme. E3 ubiquitin ligases bind the target protein and the E2 enzyme to 

transfer activated ubiquitin onto the target.74 The 26S proteasome consists of a cylindrical 

structure with six, interiorly-facing proteolytic active sites, capped by narrow pores at 

each end of the cylinder which bind ubiquitin, allowing entry of the protein for 

degradation.87 Prior to degradation, de-ubiquitinating enzymes remove the bound 

ubiquitin molecules, which are then recycled for additional use.74 

 

In humans, there are more than 600 E3 ubiquitin ligases, each of which may bind one or 

multiple substrates.88 Diversity within the E3 enzyme group allows the UPS system to 

have multiple specific targets within the cell. Several E3s have been found to be 

upregulated in conditions associated with muscle atrophy, including disease states, 

fasting, and disuse in mouse models, and certain genes encoding specific E3s are known 

to have substrates specific for components of the sarcomere.74 These include muscle 

RING finger 1 (MuRF1)/Trim63, atrogin-1/MafBx/Fbxo32, Trim32, and possibly 

Nedd4-1. MuRF1 ubiquitinates troponin I, as well as several components of the myosin 

thick filament, including myosin heavy chain, myosin light chains 1 & 2 (see Figure 3), 

and myosin-binding protein C, which recruits creatine kinase to myosin filaments in the 

sarcomere.74 Components of the thin filament, including actin, tropomyosin, and the 

troponins, are targeted by Trim32, which also ubiquitinates α-actinin and desmin, 

components of the Z-disk which anchors the myosin filaments within the sarcomere (see 

Figures 4 and 5). Atrogin-1 also targets structural Z-disk components including desmin 

and vimentin. Nedd4-1 may, in turn, target the proteins that assemble the actin filament, 
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leading to depletion, rather than degradation, of sarcomeric proteins.74 See Figure 5 for a 

visual representation of these E3 ligases and their targets within the sarcomere.74 

 

 

Figure 5: Sarcomeric targets of E3 ubiquitin ligases in skeletal muscle. 

 

Although the exact role of myogenesis from satellite cells in protection against atrophy is 

unclear, it should be noted that E3 ligands target proteins involved in myogenesis as well 

as already-assembled sarcomeric proteins.74 Thus, activation of the UPS may promote 

skeletal muscle atrophy both via degradation of existing myofibrils and the prevention of 

the inclusion of new myoblasts into the myofiber. Again, more research is needed to 

determine the significance of myogenesis in atrophy prevention.  

 

Autophagy-Lysosome Pathway 

Autophagosomes are membrane-bound vesicles containing damaged organelles, 

aggregated protein, and other cytosolic constituents in need of degradation. Two forms of 

autophagy via autophagosomes exist: basal and starvation-induced.80, 89 Basal autopaghy 

involves the selective autophagic degradation of aggregated proteins and damaged 
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organelles or other cellular constituents, and is profoundly important for continued cell 

functioning and homeostasis. Starvation-induced autophagy occurs in times of nutrient 

depletion, and involves the non-specific degradation of cellular constituents for their use 

in cellular metabolism.80 One of the first initiating steps in the formation of the 

autophagosome is activation of ULK1 and an associated complex of proteins. As 

mentioned above, ULK1 is phosphorylated by activated mTORC1, and therefore 

inhibited when mTORC1 is active in times of adequate nutrient supply.80 In nutrient and 

amino acid depletion, mTORC1 is inhibited. An alternative pathway mediated by 

upregulation of AMPK in response to depletion of ATP levels is simultaneously 

upregulated, and both factors lead to increased ULK1 activation.80 ULK1 and its protein 

complex then activate formation of a phagopore, an initially flat lipid membrane 

associated with a portion of the endoplasmic reticulum (ER) called an “omegasome.” In 

specific conditions, additional lipids are added to the phagosome until it becomes 

curvilinear, then spherical, and encloses the structure(s) in need of degradation.89, 90 The 

mechanisms by which the autophagosome “senses” what selected structures should be 

incorporated is currently unclear.89 However, once the autophagosome has formed a 

complete sphere, it is transported to and fuses with a lysosome to carry out protein 

degradation. 

 

Intracellular lysosomes are spherical, membrane-bound vesicles containing more than 50 

types of proteases, lipases, glycosidases, nucleases, and phosphatases that degrade 

organelles and proteins.80 They maintain an acidic intravesicular pH via membrane-

bound proton vacuolar ATPases (V-ATPases); this acidic environment helps to optimize 
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the activity of the hydrolytic enzymes contained within.80 The outer membrane of the 

mature autophagosome fuses with the lysosomal membrane, at which time the inner 

membrane of the autophagosome, as well as its contents, are hydrolyzed and degraded 

into their molecular constituents for recycling into new structures or use in metabolic 

pathways.90 

 

Although both the UPP and starvation-induced ALP pathways contribute to myofiber 

atrophy, the UPP is more extensively studied. Inhibition of the ALP can lead to 

detrimental buildup to dysfunctional cellular components, so inhibition of the UPP as a 

clinical intervention to prevent cachexia is a more attractive option.74
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Chapter 4: Regulation of Pro- and Anti-Atrophy Pathways in Chronic Kidney Disease  

Multiple, diverse regulatory mechanisms determine the activity of the mTORC1, UPP 

and ALP pathways within any given cell, as well as the effect that chronic disease states 

might have on these pathways. A few of the ways that disease states can influence protein 

anabolism and catabolism are discussed below. When possible, the discussion will focus 

on chronic kidney disease, and applications to small animal medicine will be explored 

when available.  

 

Insulin/IGF-1 Pathway in Disease 

Metabolic acidosis is a known sequelae of CKD and the buildup of uremic toxins within 

the bloodstream. Acidosis can have an inhibitory effect on the insulin/IGF-1 pathway, 

and thus an inhibitory effect on Akt activation and mTORC1 signaling. In vitro, 

incubation of rat myotubes in pH 7.1 impaired PI3K signaling, a mediator in the 

insulin/IGF-1 pathway that is involved in the phosphorylation of Akt. 

 

In addition to its effects on mTORC1 activation and muscle hypertrophy, phosphorylated 

Akt (pAkt) that results from IGF-1 receptor signaling also has downstream inhibitory 

effects on the UPP and apoptosis.91 Specifically, pAkt phosphorylates forkhead box O 

(FOXO) proteins (FOXO1 and FOXO3), denying them access to the nucleus where they 
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activate transcription of atrophy-associated genes such as the E3 ubiquitin ligases MuRF-

1 and atrogin-1.92, 93 In addition, pAkt is inhibitory to caspase 3, a major regulator of 

cellular apoptosis.91, 94 In one study, human subjects with CKD had a 40% decrease in 

Akt phosphorylation in skeletal muscle compared with control subjects, likely indicating 

that CKD reduces IGF-1/Akt signaling.95 Mechanisms by which CKD may effect this 

decrease in pAkt are discussed in the next sections.   

 

Myostatin & Activin A  

Myostatin and activin A are two proteins in the transforming growth factor β (TGFβ) 

superfamily. Myostatin is almost exclusively are produced and released by myocytes.96 

Congenital mutations in myostatin resulting in its loss of function have been described in 

cattle, sheep, dogs, and humans; this mutation results in a phenotype with markedly 

increased muscle mass.97-100 Both proteins bind activin receptors, which in turn activate 

signaling proteins SMAD2 and SMAD3, resulting in reduced phosphorylation and thus 

reduced activation of Akt.101, 102 Recall from the previous section that Akt positively 

regulates mTORC1 to induce muscle protein synthesis. In addition to this effect, Akt 

negatively regulates transcription factors (forkhead box proteins) for muscle-specific E3 

ubiquitin ligases MuRF-1 and atrogin-1.101 Additionally, activation of the activin II B 

receptor (ActRIIB) leads to activation of p38β-MAPK, which upregulates the muscle-

specific E3 ubiquitin ligase atrogin-1.103 Thus, myostatin and activin A binding activin 

receptors causes increased protein degradation and decreased protein synthesis in skeletal 

muscle. In addition to their negative effects on skeletal muscle size, myostatin and activin 
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also induce skeletal muscle fibrosis in mice.101, 104 Subtotally-nephrectomized mice 

developed increased collagen deposition in the tibialis anterior and gastrocnemius 

muscles in comparison to control mice, which was inhibited by decreasing myostatin 

signaling.104 

 

A recent study of Japanese participants found a significant positive correlation between 

myostatin levels and decreases in kidney function as assessed by estimated glomerular 

filtration rate (eGFR) and estimated creatinine clearance (ClCr).105 Similarly, muscle 

biopsies from human CKD patients undergoing dialysis catheter placement had increased 

myostatin and decreased myofiber size compared to controls.91, 106 In mice, multiple 

studies have demonstrated an increase in muscle myostatin expression and a decrease in 

muscle weight in induced CKD; the decrease in muscle weight was at least partially 

ameliorated by inhibition of myostatin or its upstream stimuli.106, 107 While it is unclear 

whether increased levels of myostatin in CKD are present due to decreased clearance or 

increased synthesis, it is known that CKD patients have increased markers of systemic 

inflammation.106, 108 In particular, increased levels of the inflammatory cytokine IL-6 

have been documented in mice with experimental CKD, resulting in downstream 

signaling through the JAK/STAT3 pathway that is associated with upregulation of 

myostatin.106, 107 Interestingly, inhibition of myostatin signaling not only improved 

muscle condition in the mice, but also suppressed the production of inflammatory 

cytokines tumor necrosis factor (TNF)-α, IL-6, interferon (IFN)-γ, and macrophage 

colony-stimulating factor-1.107 Activin A expression has also been associated with the 

production of pro-inflammatory cytokines.109 This indicates that activin and myostatin 
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signaling are pro-inflammatory, and also result in a positive feedback that produces more 

myostatin and could interact with the nuclear factor (NF)-κβ pathway described below.  

 

Investigation of the role of myostatin in canine and feline skeletal muscle has focused on 

Golden Retrievers with a model of Duchenne muscular dystrophy. One study 

investigating long-term myostatin inhibition in affected Golden Retrievers found 

increases in skeletal muscle weights from 27-49% after 13 months. The increases were 

mediated almost entirely by increased size of type IIA fibers, which may express more 

activin IIB receptors than type I myofibers.110 A 20-25% reduction in skeletal muscle 

fibrosis was also noted, depending on the muscle tested.110 Another study investigated 

UPP and myostatin proteins in dogs bred by cross-breeding Golden Retrievers with 

Duchenne muscular dystrophy with “Bully” whippets lacking functional myostatin, 

resulting in a Whippet with a “double-muscle” phenotype. Using only resulting progeny 

with Duchenne muscular dystrophy, but with decreased levels of functional myostatin, 

the study evaluated expression of genes involved in ubiquitination, protein quality 

control, and proteasomal activity. Interestingly, while the variability in expression of 

MuRF-1, atrogin-1, and many other genes involved in the UPP and protein regulation did 

increase, absolute decreases in expression of these genes did not occur in dogs with 

decreased myostatin activity.111 Clinically, the cross-bred “GRippet” dogs in this study 

actually had a more severely affected skeletal muscle phenotype than their counterparts 

with Duchenne muscular dystrophy.111 Another study using the GRippet crossbreed 

model found unequal muscle growth and increased joint contracture in GRippets 

compared to dogs with muscular dystrophy alone.112 It is unclear whether this 
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contradictory finding results from differences in myostatin activity in dogs with muscular 

dystrophy or an idiosyncrasy of the GRippet model, but it does add some uncertainty as 

to the definitive role of myostatin in canine skeletal muscle. 

 

Freeman et al recently performed a pilot study in six dogs with cachexia resulting from 

congestive heart failure (CHF), in which an injectable activin II B receptor decoy was 

used to achieve myostatin inhibition for four weeks.113 At the end of the study period, 

median subjective muscle condition scores for the dogs had increased to a level which 

approached statistical significance (p = 0.06).113 Assessing the changes noted in 

individual dogs, three showed apparent improvements in muscle condition, while three 

appeared unaffected.113 As this was a pilot study with a small number of included dogs, 

further studies evaluating the study drug are intriguing; unfortunately, the study drug  

became unavailable shortly after the study was completed.113 Further studies with larger 

numbers which differentiate between underlying global disease categories (cardiac, renal, 

neoplastic, etc.) as well as types of disease within these categories are warranted in 

future. Multiple myostatin and activin inhibitors are currently under investigation in 

human medicine, so additional studies using other pharmacologic agents may soon 

become feasible in cats and dogs. 

 

 
NF-κβ & Pro-Inflammatory Cytokines 

NF-κβ proteins are homo- or heterodimers that are ubiquitously expressed in almost 

every cell type and positively regulate gene transcription (with a few exceptions).114 In 



 

37 

mouse models, transgenic mice exhibiting constitutive expression of NF-κβ developed 

smaller skeletal muscles and lower body weights than their wild-type counterparts, 

mediated at least in part by upregulation of MuRF1 ubiquitin ligase expression.115 Recall 

from the previous section that MuRF-1 ubiquitinates, and therefore marks for 

proteasomal destruction, components of the sarcomere of skeletal muscle. In other 

studies, blockade of NF-κβ partially protected mice from cancer- or denervation-induced 

cachexia in the same study, and prolonged the survival of tumor-bearing mice.115 Several 

other studies in mice have found a protective effect, especially on fast-type (type II) 

myofibers, of NF-κβ inhibition in atrophy induced by unloading or denervation.116-118 

Inhibition of NF- κβ also promoted satellite-cell-mediated regeneration of skeletal muscle 

tissue after induced damage in mice.117, 119 However, when investigating age-related 

sarcopenia in mice with sustained inhibition of NF-κβ, skeletal muscle loss with age was 

worse in mice in which NF-κβ was inhibited.120 This study also identified upregulation of 

several pro-atrophy pathways associated with the prolonged inhibition of NF-κβ, 

including myostatin activation, proteasome activity, transcription of several genes 

involved in the autophagy-lysosome pathway, and levels of IGF binding protein 5 

(IGFBP5), which suppresses IGF-mediated muscle growth.120 The reason for this 

conflicting finding is unclear, but these findings may indicate that different mechanisms 

are involved in regulation of age-related skeletal muscle atrophy compared to atrophy 

induced by disuse, denervation, or disease.120  

 

NF-κβ has a variety of endogenous and exogenous stimuli, including bacterial and viral 

products (i.e. lipopolysaccharide, double-stranded RNA, etc.), angiotensin II, and 
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inflammatory cytokines TNF-α, IFN-γ, IL-1, and IL-2. Such stimuli cause degradation of 

endogenous inhibitors of NF-κβ (Iκβs), leading to its activation and entry into the 

nucleus, where it can regulate transcription of multiple genes.121 The NF-κβ pathway is 

known to be upregulated in humans with CKD as a result of increased toll-like receptor 

(TLR), nod-like receptor (NLR), and angiotensin II activation of this pathway.122  In a 

study of humans with CKD undergoing dialysis catheter placement, the rectus abdominus 

muscle expressed higher levels of TLR-4 (an activator of NF-κβ), and various 

downstream signals within the NF-κβ pathway, including MuRF-1, compared with 

muscle from control subjects.95 Additionally, incubation of mouse myotubules with 

serum from uremic patients induced upregulation of phosphorylated p38-MAPK, a 

downstream marker of NF-κβ activation and an upregulator of atrogin-1.95 Another study 

identified increased inflammatory cytokine levels, including TNF-α, in muscle biopsies 

from human patients with CKD compared to controls.106 TNF-α mRNA was also 

increased in CKD patients in that study.106 Thus, NF-κβ activation upregulates protein 

degradation and skeletal muscle mass decreases in disease states, and is activated by 

inflammatory and endocrine markers that are upregulated in CKD patients.  

 

Another potent activator of NF-κβ signaling is a cytokine in the TNF superfamily, TNF-

like weaker inducer of apoptosis, or TWEAK. NF-κβ activation can occur via two 

separate mechanisms, termed the “canonical” and “alternative” pathways. Both pathways 

lead to NF-κβ nuclear translocation and gene transcription.123 TWEAK binding to its 

receptor, Fn14, can also upregulate p38-MAPK signaling.124 TWEAK and the Fn14 

receptor are both expressed in tubular and glomerular cells, and their expression increases 
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in multiple forms of CKD and AKI in humans.124 In mice, increased levels of TWEAK 

led to reduced skeletal muscle fiber cross-sectional area and increased expression of 

atrogin-1 and MuRF-1.123 In contrast to TNF- α, which causes a rapid, but transient, 

increase in NF-κβ via only the canonical pathway, TWEAK signaling causes slow, 

sustained NF-κβ activation via both canonical and alternative pathways.123 TWEAK was 

also associated with a transition from slow, oxidative, type I muscle fibers to fast, 

glycolytic, type II fibers in mice, which are more vulnerable to atrophy than type I 

fibers.123 

 

While no studies evaluating the NF-κβ pathway and PEW/cachexia in feline and canine 

CKD patients are currently available, feline and canine CKD have known associations 

with increased markers of systemic inflammation.125, 126 If intracellular signaling 

pathways downstream of these inflammatory markers are similar in dogs and cats to 

those in human patients and mice, systemic inflammation secondary to CKD (or the 

decreased clearance of inflammatory mediators as GFR declines) could lead to NF-κβ- 

and myostatin-induced skeletal muscle atrophy. However, further studies are needed in 

dogs and cats to better elucidate this relationship.  

 

Glucocorticoids 

Glucocorticoids (GCs) are secreted by the zona fasciculata of the adrenal gland in 

response to pituitary adrenocorticotrophic hormone (ACTH), and the many actions of 

glucocorticoid hormones are essential for life, such as supporting vascular tone and 
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glucose homeostasis.127 Glucocorticoid secretion can be increased by physiologic stress, 

including chronic disease.128 Metabolic acidosis, such as that observed in CKD, can also 

lead to glucocorticoid production, and glucocorticoids may be necessary for acidosis-

mediated weight loss.56, 129 In skeletal muscle, GCs promote protein catabolism to 

increase circulating free amino acid concentrations for use in gluconeogenesis.128 

Acutely, this has the beneficial effect of supporting blood glucose levels and tissue ATP 

production.128 With chronic elevation of GCs, however, the detrimental effects of skeletal 

muscle mass and function loss and insulin resistance outweigh these benefits.  

GCs have known insulin-antagonizing effects, and increased circulating levels of GCs 

can decrease Akt phosphorylation by insulin and IGF-1, leading to downregulation of 

mTORC1 and decreased protein synthesis.128 IGF-1 synthesis in muscle may also 

decrease in response to GCs, as does expression of insulin/IGF receptor substrates.128 

Moreover, in the fasted state, increased UPP degradation as a result of upregulation of 

MuRF-1 has been demonstrated with exogenous GC treatment.128 Upregulation of 

mediators of the myostatin pathway also occurs with GC treatment in mice.106, 128 Lastly, 

GC administration can also decrease blood flow to skeletal muscle beds.128  

 

GC levels have a weak, but negative and significant correlation with eGFR in human 

patients with CKD and hypertension, and negative feedback mechanisms within the 

hypothalamic-pituitary-adrenal axis may also be disrupted in patients with CKD.130, 131 

GC secretion in dogs and cats with CKD has not been evaluated, but is another potential 

contributing factor to the development of cachexia seen in these patients and warrants 

further investigation.                         
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Angiotensin II 

The effects of the renin-angiotensin-aldosterone (RAAS) system, and the systemic effects 

of angiotensin II (ATII) are well-described elsewhere. Briefly, in response to perceived 

hypovolemia, the juxtaglomerular apparatus of the kidney secretes renin into circulation. 

Renin acts on angiotensinogen from the liver, converting it to angiotensin I. Angiotensin 

converting enzyme (ACE), located mainly in the lungs, converts angiotensin I to ATII, 

which exerts effects on multiple body systems, including vasoconstriction, adrenal 

aldosterone secretion, antidiuretic hormone release, thirst, and renal sodium retention.132  

 

More recently, local, atrophic effects of ATII on skeletal muscle have also been 

described, despite the fact that ATII receptor expression in mouse and rat skeletal muscle 

is nonexsistent.94, 133  In rats and mice, infusion of ATII resulted in decreased muscle 

weights, increased proteasomal protein degradation, and increased synthesis of MuRF-1 

and atrogin-1 compared to controls.94, 133-136 ATII-mediated atrophy was most prominent 

in type IIB fibers.133 Subsequent studies determined that ATII-mediated increases in 

atrogin-1 expression in skeletal muscle occurred secondary to reduced pAkt and 

increased FOXO transcription.133-135, 137 Increases in apoptotic signals were also observed 

in ATII-infused mice, secondary to reduced pAkt signaling, suggesting that ATII results 

in disruption IGF-1 signaling in skeletal muscle.94, 133, 138 MuRF-1 expression increased in 

response to ATII infusion as well, but this increase appeared to be independent of Akt 

and may be mediated by ATII-dependent upregulation of an additional transcription 
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factor, TFEB, which was shown to mediate ATII and starvation induction of MuRF 

transcription in mouse myotubes.134, 135, 139 140 

 

Interestingly, the ability of ATII to induce skeletal muscle atrophy was attenuated by 

glucocorticoid inhibition in one study, indicating possible dependence of ATII-mediated 

skeletal muscle wasting on glucocorticoid upregulation.94 IL-6, in concert with serum 

amyloid A (SAA) was also necessary for ATII-induced atrophy, and IL-6 and SAA 

synthesis were in turn induced by ATII signaling.133 Thus, increased circulating ATII 

levels may induce skeletal muscle wasting by decreasing IGF-1/Akt, as well as inducing 

inflammatory cytokines which upregulate myostatin and NF-κβ signaling. Indeed, a 

recent study identified increased myostatin mRNA levels in mouse myotubes stimulated 

by ATII.138  

 

In addition to the effects described above, ATII may also mediate skeletal muscle atrophy 

via the induction of mitochondrial dysfunction and reactive oxygen species (ROS) 

production.138, 139 In a recent study in mice by Liu et al, ATII infusion not only induced 

production of MuRF-1, atrogin-1, and myostatin in vivo, but also increased markers of 

ROS production and mitochondrial dysfunction in mouse myotubes.138 Additionally, 

ATII production led to upregulation of proteins associated with the NLRP3 

inflammasome, a multi-protein complex that activates inflammation via caspase 1 

activation and cleavage of IL-1β and IL-18 to their active forms. NF-κβ signaling also 

upregulates transcription of genes encoding inflammasome components.141 Knockout of 

the gene encoding the NLRP3 component of the inflammasome, as well as treatment of 
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myotubes with a mitochondrial antioxidant (Mito-TEMPO) attenuated the ATII-

dependent increases in myostatin and E3 ubiquitin ligases, ROS production, and markers 

of mitochondrial dysfunction, and also reduced ATII-induced skeletal muscle loss.138 

Treatment of the mice with the PPAR-γ receptor agonist, rosiglitazone, also attenuated 

the ATII-induced changes.138 Another study also found upregulation of ROS after ATII 

infusion, and identified an upregulation in the activity of NADPH oxidase, an enzyme 

found in the plasma membrane and lysosomes which produces ROS to kill invading 

pathogenic organisms., The increased NADPH oxidase activity then led to  ROS 

production and subsequent skeletal muscle atrophy in response to stimulation of the ATII 

receptor.142  

 

Counterintuitively, ATII’s disruption of mitochondrial function may result from 

dysregulation and inhibition of the autophagy-lysosome pathway (ALP). Another recent 

study found that in vivo ATII infusion in mice disrupted formation of the autophagosome, 

which resulted in accumulation of swollen, disorganized mitochondria within the mouse 

myocytes.136 Supporting this finding, oxidative respiratory capacity was reduced in 

skeletal muscle infused with ATII, as was activity of the PCG-1α, a gene which 

upregulates mitochondrial activity.136 Interestingly, this study also found increased 

activation of downstream components of mTORC1 in response to ATII infusion, 

indicating that increased mTORC1 signaling may be responsible for inhibiting 

autophagosome formation in this setting.136 Since other studies have associated ATII with 

decreased IGF-1/Akt activation, the upstream activators of mTORC1 activity, it is 
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unclear how ATII downregulates IGF-1 but upregulates mTORC1 simultaneously, 

especially in the absence of its own skeletal muscle receptor.  

 

In addition to promoting cellular pathways involved in skeletal muscle wasting, ATII 

infusion also decreases appetite in mouse models.134, 136 While an in-depth discussion of 

appetite regulation is beyond the scope of this paper, many diseases in which muscle 

catabolism is a clinical feature also lead to anorexia/hyporexia. Decreased caloric intake 

in response to increased ATII levels, in addition to the metabolic alterations described 

above, contributes to a state of stressed starvation, subsequently speeding the 

development of cachexia.  

 

In human CKD patients receiving chronic dialysis, ATII receptor antagonist 

administration decreased the odds of developing reduced handgrip strength by 75%.143 

ATII’s effects on skeletal muscle homeostasis in cats and dogs have not been studied. 

However, plasma renin activity, angiotensin I, ATII, and aldosterone concentrations have 

been shown to be increased in cats with naturally-occurring CKD compared to 

controls.144 Experimental induction of CKD in dogs also produced significant increases in 

plasma renin activity, angiotensin I, ATII, and aldosterone concentrations.145 As such, 

investigation of the effects of ATII antagonism in skeletal muscle preservation for canine 

and feline CKD patients is an intriguing possibility for future research studies.  
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It should be noted that most of the regulatory pathways discussed above also have 

deleterious effects on satellite cell activation, myoblast differentiation, and skeletal 

muscle hyperplasia. However, given that the role of hyperplasia in muscle hypertrophy 

and protection against atrophy is currently unclear, an in-depth discussion of these 

pathways’ effects on satellite cells is beyond the scope of this paper.  
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Chapter 5: Quantification of Skeletal Muscle in Human and Animal Medicine 

 
The study and management of cachexia in human, canine, and feline patients demand 

methods to quantify body muscle mass that are non-invasive, inexpensive, and readily 

accessible.  The nutritional assessment scoring systems discussed in the first chapter all 

incorporate some measure of muscle mass or function for human patients, such as 

DEXA, MRI methods, gait speed and grip strength measurements, and others. While 

some of the tools used in human medicine to help identify subtle losses of muscle mass 

and strength might apply to veterinary medicine, others translate poorly to use in dogs 

and cats. The next section details some of the modalities used to quantify muscle mass 

and quality in human patients, as well as available information on their use in veterinary 

medicine.  

 

Dual X-Ray Absorptiometry (DEXA) 

Attenuation of an x-ray beam through a given tissue depends on the energy contained 

within that beam. In DEXA, two x-ray beams of different energies are passed through a 

test subject, and based on the attenuation of those beams, the proportion of the subject 

that is comprised of bone, fat mass, and FFM can be calculated.146 In humans, DEXA 



 

47 

assessment of appendicular skeletal muscle mass is a component of multiple definitions 

of sarcopenia and cachexia (see Chapter 1).  

 

DEXA is currently regarded as the gold standard for body composition analysis in human 

medicine.147 However, differentiation between fat mass and FFM requires the use of 

mathematical equations which assume that hydration of FFM remains constant at 73%.148 

This assumption means that DEXA skeletal muscle mass calculations are dependent on 

constant skeletal muscle hydration. Thus, disease processes that affect fluid distribution 

(CKD, CHF, liver failure), dehydration, as well as age-related changes to fluid 

distribution will affect muscle mass estimates.147 Note also that FFM includes skeletal 

muscle and organ masses (but not bone), so significant changes in organ volumes with 

disease may change the percentage of FFM comprised by skeletal muscle.149 DEXA scan 

results and calculations for fat mass vs. FFM are subject to inter-rater variability as well 

as position-dependent variability.150 Newer, fan-beam scanners may reduce scan times to 

5-6 minutes; historically, scan times could take up to 20 minutes .146, 150 With shorter scan 

times, it is possible that DEXA analysis under short sedation may become more clinically 

attractive; however, few veterinary institutions have DEXA scanning available on-site. 

Thus, availability remains a significant barrier to its use.  

 

DEXA-predicted body weight in healthy cats correlated well with measured body weight, 

and measures of fat mass and FFM were repeatable between different scans of the same 

animal in both cats and dogs.151 Another study evaluating both dogs and cats compared 

DEXA-derived FFM measures to post-mortem chemical analysis, and found good 
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agreement across individuals.152 However, when assessing individual animals, large 

discrepancies (up to 13.22%) between DEXA estimates and results from chemical 

analyses were noted in individuals with high fat content in their skeletal muscle, or high 

water content in their mesenteric fat.152 Adding water to samples of lean beef prior to 

DEXA analysis also caused the machine to “over-estimate” the fat content of the lean 

beef sample, indicating that changes in patient body water content will affect fat mass to 

FFM proportions.152 Another study in healthy dogs, DEXA mean estimates of FFM 

percentage differed by 10% from FFM percentage via chemical analysis, although this 

difference was not statistically significant.149 Yet another study found that DEXA 

underestimated FFM in healthy dogs by a mean of 7.3% compared to deuterium oxide 

dilution methods (a method used in research settings which also estimates total body 

water and calculates FFM based on muscle hydration assumptions).153 No evaluation of 

DEXA’s accuracy has been performed in cats and dogs with differing hydration or 

disease status. As such, it is currently unclear whether application of DEXA to ill animals 

with significant cachexia, for research purposes or clinical assessment, will be reliable.  

 

Bioimpedance Analysis 

Bioimpedance analysis (BIA) relies on inherent obstruction of electrical current flow in 

bodily tissues to determine body composition. Briefly, electrical current flow is 

“impeded” by both low-water and electrolyte-containing tissues (termed resistance) and 

by lipid cell membranes (termed reactance). If you run an electric current through a group 

of tissues, the total impedance to that current will be the sum of the resistances from 
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high-resistance (skin, fat, bone) and low-resistance (skeletal muscle, fluid) tissues, and 

impedance from lipid membranes. “Alternating currents” are electrical currents that flow 

back and forth a specific number of times per second (i.e. at a specific frequency). Using 

alternating currents of different frequencies through a given group of tissues will produce 

different amounts of resistance and reactance through those tissues. At low frequencies, 

reactance is approximately zero, and all the impedance to current flow comes from 

resistance from tissues. Reactance rises as the frequency of the alternating current 

increases; equations exist that calculate the proportion of high- and low-resistance tissues 

that correspond to specific patterns of reactance and resistance changes as the current 

frequency changes.146  

 
BIA is relatively inexpensive, non-invasive, and can be performed quickly in an awake 

animal. However, like DEXA, BIA is altered with changes in hydration status, age, 

edema, and obesity, decreasing its utility in patients with disease; BIA also assumes a 

constant skeletal muscle hydration of 73% for its calculations to be correct.146, 154, 155 In a 

study in cancer patients comparing BIA with DEXA and CT estimates of total body 

skeletal muscle mass, BIA results agreed only poorly with DEXA.30 In dogs, FFM 

estimation by single-frequency BIA correlated fairly with DEXA, but limits of agreement 

were clinically unacceptable.148 However, another study using multi-frequency BIA in 

healthy, lean dogs found better correlation with DEXA and tighter limits of agreement in 

FFM measures.154 In a population of mostly-healthy, non-obese cats, single-frequency 

BIA in combination with zoomorphic measurements (such as forelimb circumference) 

measured FFM with good correlation to proximate analysis; however, no studies have 
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been performed in cachectic, obese, or ill cats.155 Further studies are warranted in 

evaluating the accuracy of BIA in predicting FFM in disease states, and in monitoring 

changes in FFM through time in dogs and cats.  

 

Ultrasonography 

The use of ultrasound to evaluate muscle thickness, volume, or cross-sectional area as a 

predictor of total body skeletal muscle mass has been described in human patients. A 

study in women found that a combination of ultrasound-determined thicknesses of 

multiple muscle groups, in combination with BMI and age, was highly correlated with 

DEXA-assessed appendicular lean body mass.25 In older patients, studies have shown 

good agreement with DEXA using combinations of thigh and arm or thigh and lower leg 

muscle thicknesses.31 Adults enrolled in this study suffered from chronic obstructive 

pulmonary disorder, coronary artery disease, and stroke, indicating that ultrasound may 

have utility in diseased patients at risk for cachexia development.31 In adults with non-

dialysis-dependent CKD, ultrasound-determined cross-sectional area of the rectus 

femoris muscle was correlated with physical performance, as well as thigh muscle 

skeletal volume measured on MRI.156 Additionally, both MRI of the thigh and ultrasound 

of the rectus femoris were able to detect increases in muscle area or volume after 12 

weeks in an exercise program.156 Furthermore, most studies evaluating ultrasound in 

assessment of skeletal muscle in older human patients have shown good intra- and inter-

rater reliability for the measurement as well, even in studies where inexperienced 

operators were compared to those with experience.31, 35 Keep in mind, however, that the 
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muscle groups generally evaluated in humans are much larger than typical muscle groups 

in canine and feline patients, so these results may not translate to the veterinary setting. 

Ultrasound techniques are also currently being developed that use the echogenicity or 

elastography to assess muscle quality; no studies evaluating echogenicity or elastography 

are currently available in veterinary medicine.157 

 

In dogs with varying diseases, ultrasound of the epaxial musculature height at the level of 

T13, normalized to body size by dividing out the length of T4 as assessed on a thoracic 

radiograph, correlates to subjective muscle condition scores.52 This measure is titled the 

“VEMS”; a “FLEMS” normalized to forelimb circumference, also correlates to muscle 

condition scores, although the coefficient is lower.52 Both the VEMS and FLEMS 

correlated, albeit poorly, to quantitative magnetic resonance measures of lean body mass 

(discussed below).52 A similar study evaluating the VEMS in healthy Golden Retrievers 

found that it successfully identified a lower muscle mass in older vs. younger study 

participants. Temporal and quadriceps muscle thickness were not affected by age.158 

Additionally, the VEMS intra- and inter-rater reliability was assessed in a separate study, 

which found good intraclass correlations between VEMs performed by different 

observers (0.8-0.99).159 It is worth mentioning, however, that on an individual basis, the 

VEMS differed between observers by as much as 25% of the mean VEMS value on 

Bland-Altman analysis.159 

 

The VEMS was also evaluated in 29 healthy cats; no differences between male and 

female cats were noted, and the VEMS calculation was not statistically different 



 

52 

regardless of whether the cat was standing or crouching for the ultrasound.160 However, 

evaluation of the VEMS in comparison to a measure of skeletal muscle or lean body mass 

has not been performed in cats. Further studies in dogs and cats with specific disease 

states, compared to gold-standard measures of skeletal muscle mass (such as they are) are 

certainly warranted, as ultrasound could provide an inexpensive, non-invasive estimate of 

skeletal muscle mass in awake animals.  

 

Magnetic Resonance  

Magnetic resonance principles rely on the abundant water molecules, and the hydrogen 

atoms they contain, to distinguish types and locations of tissues within a magnetic field. 

The human body, as well as the bodies of companion animals, are approximately 2/3 

water. Each water molecule contains two hydrogen atoms. All atoms, including the 

hydrogen atoms in body water, have an inherent angular momentum, termed “spin”. In a 

magnetic field, a majority of these angular momentum vectors will align themselves with 

the direction of the field. If the magnetic field is then perturbed, the spins will be 

“knocked” out of alignment with the magnetic field vector, then return to place over time. 

The atom type and its chemical bonding will affect how this realignment occurs, and the 

magnetic field itself can be manipulated so that atoms in different regions will realign 

slightly differently. This allows for differentiation of the location and types of hydrogen-

containing tissues within the body. Computer software can resolve these multiple spin 

realignments into an image (magnetic resonance imaging, MRI) or can be used to gain 

insight into the relative percentage of the body composed of different tissue types 
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(quantitative magnetic resonance, QMR). The difference between MRI and QMR is that 

in QMR, the signal is obtained from the whole body at once and differentiates the 

strength of signal from hydrogen ions in adipose tissue and fat-free tissue, without using 

complex manipulation of the magnetic field to “code” the actual spatial location of each 

hydrogen atom.161 As a result, QMR is much faster (1-4 minutes), and requires less 

training to perform than traditional MRI.161  

 

MRI is very sensitive for differentiation of skeletal muscle from adipose tissue, skin, and 

organ soft tissues; quantification of skeletal muscle within the MRI image can be 

performed with commercially available software.157 Many studies use MRI rather than 

DEXA as the reference standard for skeletal muscle quantification.157 In humans, good 

correlation exists between the skeletal muscle present in a single cross-sectional 

abdominal MRI image and total body skeletal muscle volume.33, 34 Using a single 

transverse image, cross-sectional area can be calculated for all skeletal muscle present in 

the image, or single muscle groups can also be singled out for measurement.29, 33, 34 In 

particular, cross-sectional areas of the mid-thigh and psoas muscle groups were correlated 

to FFM assessed by DEXA.29  Estimation from a single slice saves time and cost over 

attempting to quantify skeletal muscle throughout the body entire.34 In addition, 

modifications to the MRI protocol can also aid in assessing muscle for infiltration of non-

contractile elements, like fibrosis or adipose tissue infiltration.157 

 

In Beagles, validation studies on QMR have been performed, comparing QMR to DEXA 

and deuterium oxide dilution tests (D2O).153 While QMR, DEXA, and D2O measures of 
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lean body mass were highly correlated, QMR underestimated D2O-determined FFM by 

13.4%, and this negative bias increased with increasing FFM.153 However, the coefficient 

of variation between QMR studies performed on the same animal was < 2% except in 

very lean animals, indicating that QMR might be useful if performed longitudinally in the 

same animal.153 Interestingly, the hydration constant of FFM as calculated by QMR often 

differed by as much as 5% from the assumed constant of 73%, especially in leaner 

dogs.153 It is unclear whether this represents error in the QMR technique, or whether this 

illustrates variation in muscle/organ hydration that might invalidate methods that rely on 

the assumption of constant skeletal muscle hydration (DEXA, BIA, D2O). In cats, QMR 

underestimated lean body mass by only 4.4% compared to D2O, outperforming DEXA 

(9.2% underestimation which was statistically significant).162  

 

While QMR scanning is fast, requires none or minimal sedation depending on available 

restraint devices, and may be acceptably accurate in determining FFM, the limited 

availability of QMR scanners makes this technique most useful in the research setting. 

Traditional MRI is not generally used in animals for skeletal muscle quantification due to 

cost, time required for large-volume scanning, and general anesthesia requirements. 

However, many of the estimates of skeletal muscle quantity from a single, cross-sectional 

MRI image have been extrapolated to use with transverse CT images, which can be 

obtained faster and more cheaply.  
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Computed Tomography (CT)  

CT scanning uses x-ray beams in a 360o configuration to provide a full-volume image of 

a subject, which can be analyzed slice-by-slice in the sagittal, transverse, or dorsal planes. 

Unlike DEXA, QMR, and BIA, CT (and MRI) imaging can differentiate lean body mass 

contained in skeletal muscle from that contained in organ tissues, an important 

consideration for skeletal muscle mass assessment in patients that may have growing 

neoplastic tumors. CT allows for high-resolution distinction between organs, skeletal 

muscle, and adipose tissue, on the basis of the Hounsfield unit ranges which correspond 

to the attenuation of the x-ray beam by each tissue type.147 Hounsfield units from -29 to 

150 correspond to skeletal muscle, and fat infiltration into muscle is linearly correlated 

with its CT attenuation.21, 30 In humans, CT scans of the thigh and trunk have been used 

to calculate muscle cross-sectional area from a single slice, or muscle volume from a 

series of slices.21 

 

Total body skeletal muscle quantity estimates from a single, cross-sectional CT slice are 

also possible, similarly to MRI.28 In the study in cancer patients referenced in the BIA 

section, single-slice transverse CT estimates of skeletal muscle mass correlated well with 

appendicular and whole-body skeletal muscle measurements by DEXA.30 The MRI-

determined psoas cross-sectional area correlation with DEXA has also been extrapolated 

to use with CT images. As discussed in the first chapter, multiple CT-based definitions of 

sarcopenia have been proposed in the literature, using either normalized psoas muscle 
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cross-sectional area or total skeletal muscle cross sectional area at the level of L3 as a 

surrogate for total body skeletal mass.22, 26  

  

In veterinary patients, performing a CT scan solely to quantify muscle mass is expensive 

and impractical. However, CT scan is commonly used in routine workup for disease 

processes like neoplasia that may increase the risk for development of cachexia. 

Currently, CT scan data is not used to comment on muscle mass and quality in canine and 

feline patients; however, every CT scan performed contains a wealth of information 

about that patient’s body composition. If this information could be used to identify 

patients already in a “pre-cachectic” or PEW state, early intervention to prevent 

progression to cachexia could improve quantity and quality of life for these patients.  

 

Studies evaluating CT for skeletal muscle assessment in dogs have already been 

performed.  Recently, a study in healthy client-owned, sedated dogs compared skeletal 

muscle volume within the abdominal cavity (calculated by automated software with 

manual adjustments) to DEXA-assessed FFM. A strong correlation was identified 

between CT abdominal skeletal muscle volume and DEXA-determined FFM in that 

study.163  Fat mass and bone mineral content were also strongly correlated to DEXA 

measurements, and inter- and intra-rater reliability of the CT measurement for fat mass 

were high.163 Again, however, individual values could vary by as much as 45% between 

CT-predicted total FFM and DEXA-measured fat free mass, and agreement was worst in 

the smallest animals in the study.163 The study authors believe this increase in variability 

is due to the use of an adult human DEXA software program that was less accurate in 
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very small patients.163   Another study found that cross-sectional area of the epaxial 

musculature, normalized by dividing by the height of the vertebral body of T13, was 

significantly smaller in older Golden Retrievers compared to younger ones.158  A sister 

study in the same population of dogs also found that mean attenuation values in the 

epaxial muscles on CT scan were lower in older dogs than in younger dogs, implying 

greater infiltration with adipose tissue in older Golden Retrievers.164 

 

Prior to our study, no studies had evaluated the use of CT for assessing body composition 

in cats. Details of this study are described in the next chapter. 
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Chapter 6: Intra- and Inter-Rater Reliability in the Cross-Sectional Area of Feline Epaxial 

Musculature on CT Scan 

 

Materials and Methods  

Case Inclusion  

Medical records from the Ohio State University Veterinary Medical Center from January 

2005 to November 2017 were scanned for feline patients undergoing thoracic or 

abdominal CT as a part of routine diagnostic work-up. Cases with diseases associated 

with cachexia (CKD, neoplasia, cardiac disease, etc) were included, while cases in which 

focal pathology existed at the level of T13 were excluded. Cases were also excluded if 

the cat was <1 year old, if the CT image quality was too poor for reasonable assessment 

of the epaxial musculature, if the image did not include the entirety of the T13–L1 

junction, if the cat had a transitional T13 or L1 vertebra, or if the cat was poorly 

positioned or was not in sternal recumbency for the CT scan. If a cat had more than one 

CT scan performed, only the first scan was included in the analysis. Data retained from 

the medical record included signalment, date of birth, date of CT scan, CT scanner used, 

the reason the CT scan was performed, body weight (BW), muscle condition score 

(MCS), body condition score (BCS), final diagnosis and comorbid conditions. BCS was 

recorded in the medical record based on a 5-point or 9-point scale at the discretion of the 
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attending clinician. For statistical analysis, values using the 5-point scale were converted 

to the 9-point scale as follows: 1/5 = 1/9; 1.5/5 = 2/9; 2/5 = 3/9; 2.5/5 = 4/9; 3/5 = 5/9; 

3.5/5 = 6/9; 4/5 = 7/9; 4.5/5 = 8/9; 5/5 = 9/9. This conversion scale was utilized after 

consultation with a board-certified veterinary nutritionist (VP), as no authoritative 

protocol exists for conversion of BCS from a 5- to 9-point scale. Muscle wasting was 

categorized by severity and assigned an MCS as follows: none (0), mild (1), moderate (2) 

or severe (3).  

 

When possible, the primary diagnosis and comorbid conditions for each cat were 

recorded. Primary diagnosis was assigned to the disease process that prompted the CT 

scan; comorbid conditions were defined as chronic conditions that preceded the CT scan 

visit, or conditions identified at the CT scan but unrelated to the primary active condition. 

Cats with pulmonary nodules identified on the CT scan were classified as having 

pulmonary neoplasia if no primary tumor was identified. 

 

Epaxial Muscle Measurements  

Transverse CT images for each cat were windowed and leveled to a standard value 

(W2500, L480) (E-Film 3.3; Merge Healthcare). Each image was then magnified 2.5 

times. A slice including the body wall, right and left epaxial muscle groups, mid-body 

T13 vertebra, and the heads of the right and left 13th ribs was identified, and the image 

was centered on the body of T13, preventing visualization of the abdominal organs. A 1 

cm calibration line was added to each image, and the image was then copied into ImageJ 
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software (National Institutes of Health) for further evaluation. A representative image 

after final processing is shown in Figure 6.  

 

 

Figure 6: Representative CT image of feline epaxial musculature after processing for 
measurement. 

 
 
In ImageJ software, the 1 cm line was measured, and the measurement was calibrated to 

correlate image pixels with length in cm for each image. The height of the T13 vertebral 

body was measured three times, and the result was recorded in centimeters. The right and 

left epaxial muscle groups were then outlined freehand by three observers: a board-

certified radiologist (EG); a board-certified internist (JQ); and a resident in the internal 

medicine program at the Ohio State University Veterinary Medical Center (LR). 

Observers were blinded to each cat’s signalment, diagnosis, BCS, MCS and other 

medical record data. After the right or left epaxial muscle group was outlined, the area (in 

cm2) was calculated using ImageJ software, and this value was recorded. This 
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measurement was repeated three times for the right and left epaxial muscle groups, 

alternating which side was measured first. All measurements were repeated a second time 

by each of the three observers, at least 1 month after the first set of measurements was 

completed. Figure 7 demonstrates the measurements performed in ImageJ for each of the 

101 included scans.  

 

 

Figure 7: Measurements performed for each CT image. 

 

Mean values for left epaxial cross-sectional area, right epaxial cross-sectional area and 

T13 mid-body vertebral height were calculated from the average of the three 

measurements for each. The average of the mean left and right cross-sectional areas was 

also calculated to give an overall epaxial cross-sectional area for each cat. Values for the 

mean right, left and overall epaxial cross-sectional areas were then divided by the mean 

midbody vertebral height to provide the left (LEMA), right (REMA) and average overall 

epaxial area:vertebral height ratios (EMA), to normalize this value for the overall size of 

the cat. Equations for calculating the LEMA, REMA, and EMA are as follows:  



 

62 

 

Figure 8: Equations for REMA, LEMA, and EMA based on epaxial measurements for 
each CT scan. 

 

Statistics 

Descriptive statistics, such as mean and SD for continuous variables, and count and 

percentage for categorical variables, were provided. Intra-rater reliability was assessed 

for each observer with concordance correlation coefficients (CCC). The average 

measurements of the REMA, LEMA and EMA across time points for each observer were 

calculated, and inter-rater reliability of the average values were also assessed via CCC. 

Bland–Altman plots were generated to assess bias and limits of agreement (LoA) for the 

REMA, LEMA and EMA between observers and within observers. In the subset of cats 

with recorded MCS, median overall EMAs were compared between the four MCS groups 

using the Kruskal–Wallis test, with pairwise comparisons between MCS groups 

performed with Wilcoxon rank-sum test at a significance level of 0.0083 (0.05/6 

comparisons) with Bonferroni correction for multiple comparisons. P values <0.05 were 

considered significant. All analyses were performed in Stata version 15.1 (Stata Corp). 
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Results 

Review of the medical records identified 167 feline abdominal and thoracic CT scans. Of 

these, 62 were excluded according to the criteria described above. Four cats had more 

than one CT scan performed and only the first scan was included. In total, 101 feline CT 

scans from three CT scanners (Revolution EVO [GE Healthcare]; PQS [Picker 

Corporation]; LightSpeed Ultra [GE Healthcare]) remained in the final analysis; 21 were 

abdominal and 80 were thoracic scans. Of these, MCS was commented on in the medical 

records of 29 cats. Signalment and body composition characteristics of 101 included cats 

are presented in Table 3.  

  



 

64 

Table 3: Signalment and Body Characteristics of Included Cats. Descriptive Statistics are 
Median (Min, Max) or N (%) of Cats. 

 All included cats  
(n = 101) 

Cats with known 
muscle condition 

(n = 29) 

Age, y  10.9 (1.68, 19.3)  11.02 (3.31, 19.3) 

Weight, kg  4.85 (2.24, 11.8)  4.6 (2.52, 11.8) 

Cats with value missing n = 5 --- 

Body Condition Score  6 (1, 9)  6 (1, 9) 

Cats with value missing n = 43  n = 3 

Muscle Condition Score  1 (0, 3)  1 (0, 3) 

Cats with value missing n = 68 --- 

Sex   

FI 4 (4%) 2 (6%) 

FS 41 (41%) 14 (42%) 

MC 54 (54%) 17 (52%) 

MI 1 (1%) 0 (0) 

Cats with value missing n = 1 --- 

FI = female intact; FS = female spayed; MC = male castrated; MI = male intact 

 
 
 
Breeds included domestic shorthair (n = 61), domestic longhair (n = 12), domestic 

mediumhair (n = 8), Maine Coon (n = 4), American Shorthair (n = 3), Abyssinian (n = 2), 

Persian (n = 2), Siamese (n = 2) and one each of six other breeds (Exotic Shorthair, 

Ragdoll, Japanese Bobtail, Himalayan, domestic longhair–Bengal cross and unspecified 

mixed breed). Breed information was not recorded for one cat.  

 

Out of 58 cats, one had a BCS of 1/9, 2/58 had a BCS of 2/9, 11/58 had a BCS of 3/9, 

7/58 had a BCS of 4/9, 14/58 had a BCS of 5/9, 4/58 cats had a BCS of 6/9, 15/58 had a 

BCS of 7/9, 0/58 had a BCS of 8/9, and 4/58 had a BCS of 9/9. Of the 29 cats with 
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muscle condition information available, 14 were classified as having normal muscling, 

six as having mild, five as having moderate and four as having severe atrophy. Intra-rater 

reliability of the epaxial muscle measurements is summarized in Table 4.  

 

Table 4: Intra-Rater Reliability Assessed by Concordance Correlation Coefficient (CCC) 
(95% CI) and Bias (95% Limits of Agreement (LoA)). 

 

 
CCCs between first and second epaxial measurements for all observers for REMA, 

LEMA and EMA ranged from 0.84 to 0.99. Agreements for measurement of the REMA 

and LEMA were similar across observers, indicating little to no effect of the side of the 

epaxial musculature measured on measurement agreement. However, for observers LHR 

and JMQ, the averaged value of both sides (EMA) showed better agreement between 

time points than the REMA or LEMA. For observer EG, the EMA showed equal 

agreement to the REMA and better agreement than the LEMA. For these reasons, the 

EMA was used for Bland–Altman analysis. Bland–Altman analyses of the measured 

EMA for each observer at both time points are presented in Figure 9.  

Rater 
REMA LEMA EMA 

CCC 
(95% CI) 

Bias  
(95% LoA) 

CCC  
(95% CI) 

Bias 
(95% LoA) 

CCC 
(95% CI) 

Bias 
(95% LoA) 

EG 0.90 
(0.86-0.94) 

0.08 
(-0.87, 1.04) 

0.84 
(0.78-0.90) 

-0.16 
(-1.38, 1.05) 

0.90 
(0.86-0.94) 

-0.04 
(-1.01, 0.93) 

JQ 0.97 
(0.95-0.98) 

-0.08 
(-0.71, 0.55) 

0.97 
(0.96-0.98) 

-0.10 
(-0.65, 0.45) 

0.97 
(0.96-0.98) 

-0.09 
(-0.65, 0.47) 

LR 0.98 
(0.98-0.99) 

0.05 
(-0.35, 0.45) 

0.99 
(0.98-0.99) 

0.02 
(-0.34, 0.38) 

0.99 
(0.99-0.99) 

0.04 
(-0.29, 0.36) 

N = 101 feline CT scans 
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Figure 9: Bland-Altman Plots Showing the Intra-Rater Reliability for EMA Measured 
Within Observers At Least 1 Month Apart: (a) Rater EMG; (b) Rater JMQ; (c) Rater 
LHR. 

 

(a) 

(b) 

(c) 
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Numerical values for bias and LoA are presented in Table 4. Overall, bias was minimal 

for each observer between time points (range –0.16 to 0.08). LoA were narrowest for the 

observer with the least radiology-specific training (LHR). Inter-rater reliability, bias and 

LoA for the averaged REMA, LEMA and EMA from both time points are summarized in 

Table 5 and Figure 10. CCCs between observers were poorer than within observers for all 

observer comparisons for REMA, LEMA and EMA (range 0.85– 0.94). Bias was 

increased when comparing measurements between observers vs. measurements by the 

same observer at different timepoints (range –0.46 to 0.66). The largest positive bias 

occurred between observers JQ and LR (0.58–0.66), and the largest negative bias 

occurred between observers EG and JQ (–0.44 to –0.46). The width of the LoA was 

similar for comparisons between all observers.  

 

Table 5: Inter-Rater Reliability Assessed by Concordance Correlation Coefficient (CCC) 
and Bias (n = 101 CT Scans)* 

 
*The two readings from each rater were averaged due to high intra-rater reliability 
 
  

Rater 
REMA LEMA EMA 

CCC  
(95% CI) 

Bias  
(95% LoA) 

CCC  
(95% CI) 

Bias  
(95% LoA) 

CCC  
(95% CI) 

Bias  
(95% LoA) 

EG vs. JQ 0.88 
(0.85-0.92) 

-0.44 
(-1.19, 0.32) 

0.87 
(0.84-0.91) 

-0.46 
(-1.21, 0.30) 

0.88 
(0.85-0.92) 

-0.45 
(-1.16, 0.27) 

EG vs. LR 0.94 
(0.91-0.96) 

0.15 
(-0.59, 0.88) 

0.93 
(0.90-0.95) 

0.20 
(-0.55, 0.94) 

0.94 
(0.92-0.96) 

0.17 
(-0.51, 0.85) 

JQ vs. LR 0.88 
(0.84-0.91) 

0.58 
(0.14, 1.03) 

0.85 
(0.81-0.89) 

0.66 
(0.18, 1.13) 

0.87 
(0.83-0.90) 

0.62 
(0.20, 1.04) 

The two readings from each rater were averaged due to high intra-rater reliability. N = 101 feline CT 
scans.  
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Figure 10: Bland–Altman Plots Showing the Inter-Rater Reliability for EMA: (a) Rater 
EMG vs JMQ; (b) Rater EMG vs LHR; (c) Rater JMQ vs LHR. Muscle Condition Score 
is Indicated for Outlying Points, When Available. n = 101 Feline CT Scans. 

 

(a) 

(b) 

(c) 
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Box plots of the EMA for each muscle condition category are shown in Figure 11. 

Results of EMA for each observer and the average for all observers were compared for 

cats with different MCSs (Table 6). Descriptively speaking, median EMA was 

consistently lower in the severe atrophy group than other MCS groups for all three 

observers at both time points, but none of these comparisons reached statistical 

significance at P <0.05. When looking at the overall data across observers and time 

points, a significant difference in median EMA was observed between MCS groups. Post-

hoc pairwise comparison revealed that the severe muscle atrophy group had significantly 

lower median values than the groups with no, mild and moderate muscle atrophy noted 

(all three P values <0.0001).  

 

Figure 11: Box-and-Whisker Plots of EMA for Cats with Known Muscle Condition for 
Each Rater at Each Time Point. Numerical Values are Mean EMA for Each Muscle 
Condition Category. Values With an Asterisk are Significantly Different (P < 0.0001). 
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Table 6: Comparison of EMA According to Severity of Muscle Atrophy. Data are median 
(range). 

Rater Time  
Point 

Muscle Atrophy 
P-value None 

(n = 14) 
Mild 

(n = 6) 
Moderate 

(n = 5) 
Severe 
(n = 4) 

EG 
1 3.85 

(2.57, 5.37) 
4.22 

(3.45, 5.17) 
3.66 

(3.02, 4.79) 
2.96 

(1.6, 3.71) 0.12 

2 4.26 
(2.83, 6.20) 

4.11 
(3.28, 4.84) 

3.73 
(3.02, 5.11) 

3.16 
(1.77, 3.87) 0.30 

JQ 
1 4.73 

(2.88, 6.64) 
4.52 

(3.66, 5.74) 
4.25 

(3.3, 5.38) 
2.97 

(1.4, 3.96) 0.058 

2 4.95 
(3.08, 7.07) 

4.50 
(3.93, 5.95) 

4.22 
(3.44, 5.25) 

2.85 
(1.32, 3.96) 0.053 

LR 
1 4.29 

(2.27, 6.02) 
4.05 

(3.08, 5.25) 
3.71 

(2.83, 4.79) 
2.56 

(1.33, 3.2) 0.066 

2 4.10 
(2.17, 5.94) 

4.02 
(3.14, 5.16) 

3.72 
(2.93, 4.73) 

2.62 
(1.28, 3.32) 0.081 

Overall 4.35a  
(2.17, 7.07) 

4.35a  
(3.08, 5.95) 

3.72a  
(2.83, 5.38) 

2.76b  
(1.28, 3.96) <0.001 

a, b Within the same line, values with different superscripts are significantly different via Wilcoxon Ran  
Sum test at the P < 0.0001 level. 
 
 
 
Information on final diagnosis was available for 100/101 cats, and a definitive diagnosis 

was reached in 96 cats. Forty-three cats had one comorbidity, 15 cats had two 

comorbidities and four cats had three comorbidities at the time of the CT scan. Sixty-two 

cats had a diagnosis of neoplastic disease at the time of the CT scan, and five cats had 

two or more forms of neoplasia. One cat had a meningioma with pulmonary nodules, 

which may have been metastatic or primary pulmonary neoplasia.
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Discussion  

The results of this study demonstrated that measurement of EMA on CT images showed 

moderate to substantial agreement when the same observer performed the measurement 

at different times. Agreement was poorer when compared between observers. The side of 

the epaxial musculature measured did not have a significant effect on intra- or inter-rater 

reliability of the measurement. Radiology-specific training did not appear to influence 

these results, and the highest intra-rater CCC values occurred between the observers with 

the most (EMG) and least (LHR) radiology-specific training. This indicates that this 

measurement technique could be performed with consistency, even by clinicians without 

specific training in radiographic techniques, and could be useful in quantifying muscle 

mass in cats undergoing CT scan.  

 

More bias was identified between different observers compared with one observer 

repeating the measurement. The largest bias identified between observers in this study 

was 0.66 (JMQ vs LHR, LEMA). Cats assessed to have severe muscle wasting had a 

median EMA of just 2.76, and the smallest EMA measured in this study was 1.02. An 

inter-rater bias of 0.66 represents a large percentage of the EMA of cats with very little 

epaxial musculature. Thus, bias between two different observers is likely to be 

unacceptably large if the EMA is being used in a research setting or to track muscle mass 

changes within a single cat. Therefore, for optimal consistency, it would be 

recommended to have a single observer perform measurements to compare cats with each 

other or to track changes in muscle condition in a single cat over time. However, it is 
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unclear what effect training in the method would have on reliability between observers; 

perhaps with practice different observers would be able to achieve better agreement for 

the EMA than was found in the current study. Additionally, in the Bland–Altman plots 

comparing EMG with JMQ and JMQ with LHR, the magnitude of the bias appears to 

increase as the EMA increases (proportional bias). As such, calculating a single value for 

bias as the average difference between raters may over- or underestimate actual bias 

depending on the magnitude of the measured EMA.  

 

Upon initial review of the CT images, a concern was that cats with more severe muscle 

wasting would be more difficult to measure and would produce greater differences 

between observers. Although the subset of cats with recorded moderate or severe muscle 

wasting was too small for statistical analysis of reliability, the results shown in Figure 12 

do not imply poorer inter-rater reliability with more severe muscle atrophy. On the 

contrary, the cats with reportedly normal muscle condition have subjectively greater 

sample variability in EMA, differences between time points and differences between 

observers. This may be due to the larger sample size in this group compared with other 

MCS groups or may be due to a stock physical examination template that existed during a 

portion of the study period that described adequate muscle condition. If this template was 

not changed appropriately by the clinician on each case, cats with muscle wasting could 

have been erroneously recorded as being normal.  

 

Owing to the retrospective nature of the study, only a small subset of cats had 

information on MCS available for analysis. However, the data demonstrated a greater 
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decrease in EMA for cats with severe muscle atrophy than for all other groups (Figure 12 

and Table 6). This finding may illustrate a difficulty in subjectively evaluating subtle 

differences in muscle condition until loss becomes severe, leading to an overlap in 

epaxial muscle indices between all but the most severely affected group.  

 

Establishing CT-derived EMA as a sensitive marker for lean body mass could be a first 

step toward identifying prognostic indicators for treatment response in specific disease 

states, as well as possible areas of intervention to counteract cachexia. This pilot study 

represents the first step toward this research goal and shows that measurement of feline 

EMA can be repeatably performed by the same observer. Based on our data, it is unclear 

whether the poor ability of EMA to distinguish between MCS groups 0–2 represents a 

lack of sensitivity of the EMA, a high variability in subjective MCS scoring or a 

combination of these effects. To answer this question, further studies evaluating this 

method prospectively within specific diseases states in cats with varying degrees of 

muscle atrophy and compared with a ‘gold standard’ lean body mass measurement (such 

as DEXA) are needed.  

 

This study is limited by its retrospective nature. The variety of disease processes that 

prompted the CT scans and the small number of cats with recorded MCSs prevented the 

assessment of differences in EMA according to disease process and severity. Information 

on MCS and BCS was not available for all cats, and final diagnosis, comorbid conditions, 

signalment, and CT scanner and technique used to obtain the images were not controlled. 

It cannot be determined whether differences in image quality obtained with the different 
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CT scanners in the study affected the raters’ ability to precisely measure the EMA. 

Missing MCS data points may have affected the relationship of muscle condition as 

observed on physical examination to EMA, but it is unlikely that they affected the 

observers’ ability to perform the measurements, which was the primary interest of the 

present study. Diagnostic work-up to determine the final diagnosis and comorbidities was 

also not controlled. The MCS conferred to the cats was subjective and availability was 

clinician-dependent, as, unfortunately, the importance of MCS documentation has yet to 

be fully adopted as a crucial part of physical examination.  
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Chapter 7: Future Directions 

 
Research and clinical intervention into cachexia associated with CKD and other chronic 

diseases can only improve quality of life and decrease mortality in our veterinary 

patients. However, in small animals, this area of research is in its infancy. This chapter 

will outline potential future areas of research that can further this field.  

 

Establishment of a Gold Standard Measure of Lean Body Mass 

As stated in previous sections, the establishment of a “gold standard” measure of lean 

body mass in veterinary patients is difficult at best. A true gold standard measure would 

have the power to reliably differentiate skeletal muscle from other tissue types, would be 

sensitive enough to detect subtle changes in the amount of total body skeletal muscle 

mass, and ideally, have the ability to determine what muscle groups are most affected 

when skeletal muscle mass changes. An ideal gold standard measure would also be 

inexpensive, non-invasive, quick, and easy to perform in the clinical setting. Imaging of a 

single muscle group or single cross-sectional abdominal CT image may best meet these 

goals; however, further research is needed to determine whether this is true. As outlined 

above, current skeletal muscle mass estimates from DEXA or BIA rely on assumptions of 
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constant hydration of skeletal muscle mass, which may not apply to veterinary patients 

with CKD, neoplasia, or other severe or chronic diseases. If imaging modalities are used 

to estimate total skeletal muscle mass or volume, we also do not know what muscle group 

or image location may be the best surrogate for total-body skeletal muscle quantification. 

In humans, studies have established a good correlation between total body skeletal 

muscle mass and total skeletal muscle cross-sectional area at the level of the third lumbar 

vertebra.21, 28 Similar studies are lacking in veterinary patients.  

 

Veterinary studies could be performed that use whole-body CT or MRI imaging to 

determine whole-body skeletal muscle amounts. CT or ultrasound to determine the area 

of single muscle groups, or muscle areas within single cross-sectional images of the chest 

or abdomen, could be performed. These could then be statistically compared to whole-

body skeletal muscle amounts to determine a “sentinel” muscle group or location that 

could best correlate to whole-body skeletal muscle amounts. Estimates of whole-body 

skeletal muscle mass made with imaging modalities like CT or MRI could also be 

compared to FFM measurements from DEXA or BIA, if available. Such a study could be 

performed on cats and dogs in various states of muscle atrophy, and within various 

disease states, to establish how muscle mass changes with disease and establish a best 

practice for quantifying skeletal muscle in different patient populations.  

 



 

77 

Establishing the Mechanisms of Cachexia in Veterinary Patients 

The first step toward establishing possible interventions which may help to prevent 

development of cachexia is to establish the cellular pathways that lead to cachexia 

development. Such pathways are currently being elucidated in humans and in rodent 

studies, but whether these are preserved in canine and feline patients is unproven.  

 

If the above imaging study were to be performed on cadavers, representative samples of 

muscle from cats and dogs with different types of chronic disease (CKD, cardiac disease, 

neoplasia, etc.) could be obtained at the time of imaging. Histopathology on the samples 

could show potential differences in fibrosis and adipose tissue infiltration with disease. 

RT-PCR techniques could also be performed on the samples to determine whether the 

transcription factors implicated in rodent models (discussed in chapters 4 and 5) follow 

similar patterns of upregulation and downregulation in canine and feline skeletal muscle. 

These patterns could be correlated to total body skeletal muscle mass within the cadaver, 

as well as with our sentinel muscle group(s). We could also use techniques like the 

RAAS fingerprint to determine whether angiotensin II may play a similar role in dogs 

and cats with CKD and cachexia. Comparisons and correlations between pro-atrophic 

transcription patterns and RAAS with severity of atrophy could be determined for 

“healthy” aging cats vs. cats with CKD, hypertrophic cardiomyopathy, and other 

diseases. One interesting possible direction would be to establish that similar mechanisms 

are involved in canine/feline cachexia so that these can be used as a model for human 
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cachexia. If this were successful, translational studies for interventional drugs may be 

possible.  

 

Interventional Studies 

The eventual goal of research in this field is to establish interventional therapies that can 

prevent or slow the progression of cachexia. In this way, quality of life may be preserved 

even as disease continues to progress, and humane euthanasia may be delayed until more 

advanced stages of disease. Multiple therapeutic targets may exist, and one or a 

combination of these targets may allow for improvement in muscle condition and quality 

of life for our patients.  

 

Multiple pharmacologic inhibitors of myostatin have been developed for use in human 

patients.96 These include monoclonal antibodies specific to myostatin, as well as 

competitive inhibitors that bind the activin receptor (thereby inhibiting the activities of 

myostatin and activin simultaneously). Only one myostatin inhibitor has been evaluated 

in dogs (described above), and none have been evaluated in cats. As these drugs become 

more readily available, safety and efficacy studies could be performed for these 

myostatin inhibitors, using our previously established “sentinel” muscle group or location 

to determine whether their use allows for preservation or increase in skeletal muscle 

amounts.  
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PPAR-γ receptor agonists may have effects to decrease muscle atrophy via decreasing 

mitochondrial damage and generation of reactive oxygen species, as well as decreasing 

intracellular pro-inflammatory processes.138 While the study establishing this in mouse 

models used a drug called rosiglitazone, a drug in the same class called pioglitazone has 

been evaluated in cats.165 Pharmacokinetics of pioglitazone in lean and obese cats have 

been studied, and an efficacy study evaluating pioglitazone for its insulin-sensitizing and 

lipid-lowering effects in obese cats has also been performed.166 Pioglitazone’s effects on 

skeletal muscle were not evaluated in that study, but no adverse effects were identified at 

therapeutic dosages, so studies evaluating pioglitazone as an anti-cachectic drug could be 

safely performed in cats. Pharmacokinetic studies on pioglitazone have also been 

performed in Beagles, and the metabolism of pioglitazone in dogs appears to differ from 

its metabolism in humans.167, 168 The clinical significance of this difference, as well as the 

overall safety of pioglitazone in dogs, are unknown.  

 

RAAS inhibition is another interesting therapeutic target for cachexia in dogs and cats. 

The angiotensin-converting enzyme inhibitors (ACEis) enalapril and benazepril, and the 

angiotensin II receptor antagonist telmisartan are widely used in dogs and cats as anti-

hypertensive and anti-proteinuric therapies. However, their potential effects on skeletal 

muscle have not been evaluated. These therapies are common enough that it may be 

possible to retrospectively evaluate muscle condition through time with chronic use of 

these therapies in patients with kidney disease. However, a retrospective evaluation 

would not include a quantitative measure of muscle mass, and would rely on the presence 

of a subjective muscle condition score within the existing medical record. A prospective 
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study evaluating the effect of ACEis and/or telmisartan on skeletal muscle amount, using 

the “sentinel” as a marker for whole-body skeletal muscle change, is warranted in future. 

However, a reliable way to quantify skeletal muscle in cats and dogs is necessary before 

such a study can be performed.  

 

Lastly, an under-used but potentially powerful therapeutic target is exercise. 

Rehabilitation and physical therapy programs for dogs and cats recovering from 

orthopedic and neurologic disease are becoming more popular, and more widely 

available, than ever before. However, the use of these types of therapies to improve 

quality of life in chronic metabolic diseases has not been evaluated. An at-home exercise 

program for dogs and cats with CKD could potentially be implemented for owners to 

follow, and its efficacy could be compared to cats and dogs that did not participate in said 

exercise program, again using the “sentinel” as a marker. 

 

In conclusion, cachexia and muscle mass loss are important, but under-diagnosed features 

of chronic disease in veterinary patients. Pathways by which chronic disease leads to loss 

of skeletal muscle mass are being studied in rodent models and human medicine, but 

have yet to be established in dogs and cats. The study of cachexia in dogs and cats is in 

its infancy, and a gold standard tool to assess a patient for early or mild loss of skeletal 

muscle mass does not currently exist. The first step in furthering his field of research in 

veterinary medicine is to establish fast, inexpensive, and non-invasive ways to assess or 

estimate total body skeletal muscle mass so that subtle changes can be identified and 

tracked. Our pilot study showed that evaluation of the epaxial muscle group cross 
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sectional area at the level of the TL junction, normalized to vertebral body height (EMA) 

is repeatable within observers, and is significantly lower in cats with severe muscle 

wasting on physical examination. Further studies are warranted to establish whether this 

is an ideal location and muscle group to act as a “sentinel” for total body skeletal muscle 

mass, and whether the EMA correlates well to other FFM measures. Once an appropriate 

“sentinel” is established, studies evaluating mechanisms associated with cachexia in dogs 

and cats, as well as potential therapeutic interventions, are warranted and may help to 

prevent debilitation in veterinary patients with chronic disease. 
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