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Chapter 1: Introduction 
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 Despite its long history in medical writing and its known association with 

worsened clinical outcomes and increased cost, malnutrition to date remains without 

internationally accepted consensus criteria.1,2 This discrepancy is due in part to the 

difficulty in assessing lean tissue at the bedside. Although loss of skeletal muscle is 

known to be of critical importance to the diagnosis of malnutrition, the best practice and 

method for objective assessment is not agreed upon.3 Additionally, it is known that 

requirements for protein increase with aging and in acute and chronic disease states, and 

it is imperative to provide adequate protein to maintain lean mass; nevertheless, protein 

recommendations that form the basis of nutrition intervention in the hospital are based on 

nitrogen balance studies with known flaws.4 Improvements in the objective assessment of 

skeletal muscle as well as the assessment of specific populations for protein requirements 

will aid in refining the diagnosis of malnutrition and improve medical nutrition 

intervention.  

 The literature review for this dissertation aims to provide insight into the need for 

objective muscle assessment as well as improved protein recommendations. It begins 

with a recent publication that reviews the history of the diagnosis of malnutrition in 

Chapter 2, while Chapter 3 consists of another recent publication that details recent 

developments in the use of body composition technology to assess muscle in acute care 

settings. Finally, Chapter 4 provides background on additional terms used to describe 

muscle wasting besides malnutrition, such as sarcopenia, cachexia, and frailty, and 

discusses the importance of improving upon protein recommendations with available 

tracer methodology.  



 3  

 Chapters 5 and 6 focus on research studies utilizing computed tomography (CT) 

technology as a method to objectively assess muscle and its relation to outcomes in both 

chronic pancreatitis and heart failure. Chapter 5 is a publication in submission, and 

Chapter 6 is a manuscript in progress as data from 2017-2019 are currently being 

gathered. Ultimately, these studies indicate that available CT scan data can provide 

objective biomarkers for the assessment of muscle, even in the face of increased adiposity 

which complicates a physical exam, and these CT muscle measures correlate with 

outcomes and may predict best-treatment practices for individuals that may benefit from 

targeted nutrition intervention. 

 Finally, Chapter 7 discusses the utility of a multi-step feeding protocol of stable 

isotope amino acid tracers to characterize in vivo protein kinetics in a population with 

head and neck cancer. While nitrogen balance studies involve weeks of tight 

environmental controls that are not feasible in clinical settings,5 this isotope protocol can 

be completed over the course of 6 hours, and our study indicates that it is appropriate and 

feasible in an inpatient setting. Its ability to trace protein synthesis, breakdown, and net 

protein balance and thus allow for visualization of whole-body protein kinetics make it a 

valuable tool for improving upon current protein recommendations for specific 

populations. This chapter is a manuscript in progress, and data collection for additional 

patients with head and neck cancer is ongoing.  

 Ultimately, this dissertation concludes with a discussion of how currently 

available technologies for the assessment of muscle and novel tracer protocols to 

determine protein kinetics could be applied in future research to improve the diagnosis 

and treatment of malnutrition and muscle loss. Further, these techniques could be 
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combined in future studies to advance our knowledge of optimal protein 

recommendations to prevent and treat muscle wasting across the clinical spectrum. These 

advancements will improve the clinical utility of the medical nutrition professional to 

positively impact the prognosis of patients who experience malnutrition and muscle 

wasting.  
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Chapter 2: Literature Review Part 1* - Diagnosing clinical malnutrition: Perspectives 
from the past and implications for the future 
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Synopsis 

This review, intended for both researchers and clinicians, provides a history of the 

definition of clinical malnutrition. Despite global efforts, we remain without one clear, 

objective, internationally accepted definition; clarity in this regard will ultimately 

improve our evaluation and monitoring of nutritional status to achieve optimal patient 

outcomes. In this review we explore the development of the term malnutrition and its 

diagnosis and application in the setting of acute and chronic disease. We begin in the 

second century A.D. with the work of the Greek physician Galen who is credited as the 

first to apply the term marasmus to characterize three categories of malnutrition, which 

are surprisingly similar to components of current international definitions. We then 

highlight significant developments over the next 2000 years culminating in our current 

application of the clinical diagnosis of malnutrition. A perspective on historical practices 

may inform current efforts toward a global definition and diagnosis of malnutrition. 
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Introduction 

Within the clinical realm few would contest the central role of malnutrition in 

adverse clinical outcomes. The variable terminology and criteria used to define 

malnutrition, however, create challenges in interpreting and comparing study results. 

Despite global efforts to define malnutrition, including consensus statements by the 

E.S.P.E.N.6 and the Academy/A.S.P.E.N.,7 we remain without one clear, objective, 

internationally accepted consensus definition. This has led to the pursuit of various 

proposed markers of nutritional status that may or may not be linked to improved clinical 

outcomes. A perspective on historical practices may facilitate refinements in the 

definition and diagnosis of malnutrition, which could ultimately improve our evaluation 

and monitoring of nutritional status to achieve optimal patient outcomes. 

The history of the clinical diagnosis of malnutrition is extensive. The 1974 paper 

by Dr. Butterworth entitled “The Skeleton in the Hospital Closet” is often viewed as one 

of the first papers to identify and address the widespread problem of clinical 

malnutrition.8 Although considered a seminal paper in the context of our current 

healthcare system, the overall concept of disease-related malnutrition dates back to 

ancient Greece.9,10  

History of Malnutrition I: Before the 15th Century 

 Documentation of an observed relationship between food and functional status, in 

the form of manual labor, dates back to 2000 B.C.11 Despite evidence of this earlier 

observation, Greek physicians, whose work would not be performed until many years 

later, are often credited with characterizing the relationship between nutrition and 

health.12 Their writings established an understanding of the role of nutrition in health and 
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disease nearly 2500 years ago, which remained relatively unchanged for the next two 

millennia.  

Early civilizations viewed food consumption as the provision of a single nutrient, 

which may have impaired recognition of nutrition’s larger role in health and disease. In 

general, it appears that this relationship was not re-examined until the advent of 

chemistry (allowing for the identification of specific nutrients).12 Therefore, the following 

section will attempt to sketch a timeline delineating the understanding of malnutrition 

prior to the 19th century. During this time, two seminal works were completed on the 

topic of malnutrition. The first was completed by Galen around 176 A.D., and the second 

was completed by Bernard of Gordon in the early 1300s.9,10 

Galen  

 The relationship between nutritional status and health was documented at length 

by Greek physicians in the centuries around 200 B.C. Hippocrates is well known for his 

belief that “medicine had its origin in nutritive disturbances”.12 With regard to nutrition 

and disease, Hippocrates noted that “the same diet does not suit men in sickness as in 

health”.12 Aristotle appreciated that food is “what animals are constituted of” and 

advanced the theory of “innate body heat” that would serve as the premise within which 

nutrition and health would be viewed for the next 2000 years.12,13  

The first seminal work that we identified specific to the subject of malnutrition 

was completed by Galen, a notable Greek physician in the post-Hippocrates era.10 Galen 

appears to have been the first to use the term “marasmus” in his book, De marasmo 

around 176 A.D. The term, in the context employed by Galen, meant to wither, dry up, 

waste, or decay. He provided the following explanation, “…marasmus can be thought of 
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as being either the state of having faded away, or otherwise as the process of fading…”.10 

Of significance was Galen’s use of the term “marasmus”, as it reflects how the term 

“malnutrition” is being employed clinically today (i.e. an ambiguous term that generally 

reflects undernutrition at a macronutrient level).7 In De marasmo, Galen identified three 

types of marasmus. The first was marasmus due to starvation and was “considered as 

being simple.” The two complicated types of marasmus were a type associated with cold 

specific to aging and a type associated with heat specific to fevers. In his book, Galen 

clarified that what was previously being referred to as “aging resulting from sickness” 

was actually more accurately “marasmus that comes from sickness”.10 Thus, Galen 

appears to be the first author to have made an attempt at describing what we would now 

consider different forms of malnutrition.7  

Galen discussed a number of physical signs used to identify malnutrition that are 

still utilized in clinical practice today. Although both anthropometric measures and a 

clearly defined nutrition-focused physical exam were non-existent, the physical 

“withering” that Galen discussed is still an important component of the current criteria to 

diagnose malnutrition.7 Galen alluded to the observed outward physical characteristics 

associated with disease-related malnutrition when he stated, “when the body becomes 

thin after it has been sick for a long time…” and in chapter II of De marasmo Galen 

noted the following: “…he was so shriveled and dried out, that he, himself, presented the 

features of impending death, as described by Hippocrates in his ‘Book of Prognostics’: a 

sharp nose, hollow eyes, collapsed temples…”.10 These characteristics are certainly 

recognized by today’s clinicians conducting the nutrition-focused physical exam to 

identify muscle and adipose loss.14 
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Regarding the treatment of malnutrition, Galen wrote, “At present it suffices to 

say this: solid bodies that have dried out need food.”.10 He also made the astute 

observation, although only with regard to marasmus of old age, that when physicians 

diagnosed and attempted to treat this type of marasmus they were able to “cure” thinness 

but not wasting.10 Although he was unaware of the physiology surrounding this 

phenomenon, it seems he had a rudimentary understanding that body fatness is not 

completely reflective of nutrition status—something that clinicians continue to struggle 

with to this day.  

The importance of nutrition in health and disease was acknowledged in the 

writings of Greek physicians, as evidenced by Galen’s work. However, they lacked an 

understanding of the physiological importance of nutrients and believed that food was 

simply nourishment or fuel for the innate heat within each person. Interestingly, this 

belief in innate heat allowed physicians to develop an elementary appreciation of 

metabolism and changes associated with growth and age long before metabolic rate was 

able to be measured.10,12,15 Although nutrition played a prominent role in the ancient 

understanding of health and disease, another comprehensive work dedicated solely to the 

topic of malnutrition would not be completed until Bernard of Gordon addressed the 

topic more than a millennium after Galen.9  

Bernard of Gordon 

 Bernard of Gordon, a prominent French physician in the Middle Ages, completed 

De marasmode secundum sententiam Galieni in the early 1300s.9 Although his work was 

heavily steeped in Galenic tradition,12 Bernard of Gordon relied on translations of 

Galen’s original work, which introduced various interpretations of the term “marasmus”.9 
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Because of this, Bernard spent the first chapter of his work De marasmode conducting an 

exegesis of the word “marasmus”, which gravitated toward an interpretation focused on 

the concept of “drying out”. For example, the historian Demaitre noted that the following 

metaphor played an important role in both Galen and Bernard of Gordon’s understanding 

of marasmus associated with fevers: “The oil lamp, on the other hand, became the 

universal image of life, with incineration of the substance of a wick as the standard 

analogue for marasmus…”.9 

Demaitre details the extensive confusion surrounding various words related to 

marasmus and its definition at the time of Bernard of Gordon’s work on the topic.9 As 

previously mentioned, ambiguity surrounding the definition of malnutrition and 

malnutrition-related terms (e.g. sarcopenia, frailty, and cachexia) is an ongoing problem 

that continues to this day.16–21 In a general sense, the understanding of malnutrition 

(termed marasmus) during the period in which Bernard of Gordon wrote De marasmode 

secundum sententiam Galieni was similar to our current understanding of the disease – 

where the incineration of the substance of a wick reflects what we would now consider 

wasting and loss of body cell mass. Demaitre argues that a heavy reliance on analogies 

limited the scientific progress during this time period, but it is worth noting that the 

analogies themselves were quite perceptive.   

History of Malnutrition II: 1400-1970 

 Beginning in the 15th century, an important transition in science and medicine 

began to take place as the reliance on rote learning of classical medicine began to shift to 

one of observation and experimentation. Paracelsus (1493-1547), an iconoclastic and 

controversial physician, rejected Galen’s classical approach to nutrition and was one of 
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the first to attempt to interpret nutrition utilizing chemistry.12 It would not be until the 

mid-1800s, however, that investigators would be able to demonstrate the conversion of 

chemical energy to heat and mechanical work.12 It was during this time period that V. 

Regnault (1810-1878) would demonstrate that metabolism (viewed from the standpoint 

of energy) varied by age, gender, and size.12 Further, although the concept of a 

“metabolic pool” was present at this time, it would not be until the early to mid-1900s 

that Schoenheimer, utilizing a stable isotope of nitrogen, would detail what we now know 

as the “metabolic pool”.12  

1400-1900 

 Little was written on the topic of malnutrition until the late 19th and early 20th 

century. Although starvation and malnutrition were present throughout history, a limited 

understanding of the pathophysiology of malnutrition seems to have contributed to a sort 

of indifference to these conditions. The improved understanding of the scientific basis of 

nutrition that occurred between the 18th and 20th centuries allowed clinicians and 

investigators to view malnutrition as a potentially preventable disease. 

 Writings in the early- and mid-1800s reflect an appreciation for symptoms of 

malnutrition, but the term “malnutrition” did not appear until the late 1800s. Work by the 

English physician Joseph Ayres in 1822 addressed the similarities between what was 

termed “marasmus” in children and “bilious disorder” in adults.22 This “bilious disorder” 

diagnosis appears to have represented a broad category of digestive disorders; but as it 

relates to our current understanding of malnutrition, Dr. Ayre noted, “There is constantly 

a loss of strength, and generally, though not invariably, a wasting of the flesh from the 

commencement of the complaint.”22  
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Writings on the broad relationship between sickness and wasting continued 

throughout the 1800s,22 but a meaningful connection between nutrition status and disease 

does not appear until the 1870s.23,24 In an 1877 paper titled “The Malady of Innutrition”, 

George Bayles notes, “…the cause of the disease [diphtheria] seemed to rest principally 

and primarily with an insufficient food supply.”24 A book published the following year 

(1878) by Kershaw states, “Too much importance cannot be attached to this subject of 

mal-nutrition”, and cites Bayles’ 1877 paper as the reference.23 Although not published in 

a medical journal until 1879, Culbertson, a prominent Cincinnati physician, presented 

work on “Waste and Repair” in 1873 and commented, “Mal-nutrition, too, is believed to 

be a cause of disease.”25  

The work by Culbertson provides an excellent example of the increased 

understanding of nutrition and metabolism that occurred throughout the 1800s.25 

Discussing the work conducted by others at the time, Culberston cited the opinion of 

Justus von Liebig, “…animal muscular work, and mental exertion, may be the effect of 

several, perhaps, many supposable supplies of digested food, farinaceous, saccharine, 

fatty and albuminous.”.25 He also cited the physiologist William Rutherford, “probably 

all the forms of energy produced in our bodies are derived from chemical energy stored 

up in the gaseous and solid food of which we are in continual need, and without which we 

cannot energize at all.”.25 Culbertson himself also notes while discussing interpretation of 

recent work by physiologists, “…the duty of nutrition is to keep the structure of the cell 

in order, and that the function of the cell is to produce an effect separate and distinct from 

the nutrition of its structure.”.25 



 14  

1900-1940 

The diagnosis of malnutrition in the United States appears to have been 

introduced on a large scale in the 1920s despite its recognition in Europe as early as 

1905.26,27 In the United States, pediatric malnutrition became one of the primary public 

health concerns in the 1920s.27 Although this encompassed forms of malnutrition beyond 

what is traditionally considered “clinical malnutrition” (i.e. an ambiguous term that 

generally reflects undernutrition), the controversy that developed surrounding the 

diagnosis of malnutrition during this time gives crucial insight into the current difficulties 

associated with defining malnutrition.  

The intense focus on pediatric malnutrition in the early 20th century was the result 

of a multitude of factors, including compulsory education, the introduction of regular 

medical inspections, and improved management of childhood disease.27 As interest in 

malnutrition continued to grow throughout the early 20th century, the diagnostic criteria 

for malnutrition progressed from primarily subjective physical assessment parameters to 

objective measures of height and weight.26,27 This transition occurred in response to the 

lack of agreement among physicians concerning criteria defining malnutrition. In 

response to limitations with height and weight, investigators attempted to develop new 

height and weight standards to improve the utility of these measurements.26,28 With 

regard to the use of weight to characterize nutrition status, Kruse notes, “Nevertheless 

weight was extensively used in this country until 1930, when the mass of accumulated 

evidence against it undermined its use as primary evidence.”26 Ultimately, due to 

frustration with the lack of consensus, investigators moved away from diagnosing 
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“malnutrition” and instead turned to using these anthropometric measures of nutrition 

status to help characterize overall health risk.27  

1940-1970 

 Although very little work was done to define clinical malnutrition over the three 

decades leading up to 1970, two robust starvation studies conducted in the 1940s are 

essential to mention in any work on the history of malnutrition. Both studies produced 

invaluable information on the physiology underlying the type of malnutrition currently 

referred to as “simple starvation”. One of the studies was the “Minnesota Starvation 

Experiment” conducted by Ancel Keys et al., a prospective 1-year study that included 36 

consenting adults.29 The goal of this study was to describe the physiology of human 

starvation for application in the post war relief effort in Europe. The second study, which 

has unfortunately been widely overlooked, was conducted in the Warsaw ghetto from 

February 1942 until July 22, 1942 and included both investigators and subjects who were 

condemned to die by forced starvation.30,31 Both studies had similar findings despite the 

research being conducted  in two very different environments (controlled experiment 

versus war conditions); starvation was demonstrated to result in weight loss, changes in 

behavior, edema, decreased blood pressure and basal body temperature, and 

weakness/fatigue.   

History of Malnutrition III: 1970-Present Day 

  Malnutrition work conducted in the early 1970s often references a study 

conducted by Leevy et al. in 1965.32 In this study, the investigators assessed the 

micronutrient status of hospitalized patients and found that a large percentage were 

deficient in a number of these measures despite clinical supervision. Although the 
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concept of hospital malnutrition would evolve to reflect a more macronutrient-based 

undernutrition, this work foreshadowed four decades of increasing interest in the clinical 

diagnosis of malnutrition.  

1970-1979 

 The concept of clinical malnutrition, according to our current understanding, is 

first introduced in a meaningful way in the 1970s. The well-known paper “The Skeleton 

in the Hospital Closet” was published in 1974,8 but was not—as is commonly believed—

published in isolation. Works by Bollet et al. and Bistrian et al., which were published in 

1973 and 1974, respectively, demonstrated a high prevalence of malnutrition in 

hospitalized patients (using definitions described below).33,34 Additional work conducted 

throughout the decade reinforced the pervasiveness of clinical malnutrition in 

hospitalized patients, but it was not directly associated with hospitalization until the end 

of the decade (1979).35–39  

 The diagnosis of malnutrition during the 1970s relied heavily on anthropometric 

and biochemical markers. Anthropometric markers included weight (both static and 

change over time), arm-muscle circumference, and triceps skinfold. These measures were 

often interpreted in the context of reference standards.40 Biochemical markers included 

serum proteins (e.g. albumin, transferrin), inflammatory markers (lymphocytes), and 

micronutrients. These measures were seen as the most robust, and their use was 

encouraged for the “objective confirmation” of a malnutrition diagnosis.36 In fact, one of 

the first published nutrition assessment tools, the “Instant Nutritional Assessment”, 

proposed the exclusive use of albumin and total lymphocyte count to characterize 

nutrition status.38 The concept of using biochemical markers (e.g. albumin) as a 
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nutritional marker gained traction, and only in the past decade has this concept been 

completely debunked by clinical nutrition professionals. 

1980-1989 

 As the notion of clinical malnutrition began to evolve throughout the 1970s and 

into the 1980s, the perception of the utility of biochemical markers to diagnose 

malnutrition changed, technological advancements provided investigators with new tools 

to study body composition changes, the economic impact of clinical malnutrition was 

quantified for the first time, and characterization of disease-related malnutrition began to 

occur. On an ideological level, investigators began to question the relevance of research 

predicated on a diagnosis that is not clearly defined.  

 A review of the medical literature reveals increased publication of malnutrition 

prevalence studies throughout the 1980s, but the criteria used to diagnose malnutrition 

underwent a significant shift during this time. Beginning as early as 1982, the heavy 

reliance on biochemical markers was challenged, and an emphasis was placed on the use 

of a history and physical exam to diagnose the condition which would ultimately become 

the Subjective Global Assessment (SGA).41–44 Part of the SGA included a physical exam 

intended to identify loss of lean mass or adipose, which reflects, in part, an increasing 

appreciation for body composition as it relates to nutrition status throughout this decade. 

 During the 1980s, clinically available technologies were first proposed as an 

alternative to anthropometric measures for assessment of body composition.45 The 

primary body composition compartment of interest, with regard to nutrition assessment, 

was skeletal muscle.46–48 In fact, the age-related loss of muscle now referred to as 

sarcopenia was coined during the 1980s in order to draw attention to the problem.49 In 
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addition to volume measures of skeletal muscle, investigators were also interested in 

changes in muscle function as a marker of malnutrition. Specifically, some investigators 

suggested that changes in the functional capabilities of muscle may be the most sensitive 

indicator of malnutrition.50,51 The relationship between body composition and nutrition 

status was further solidified in the literature at the end of the decade when Kotler et al. 

demonstrated that the magnitude of body cell mass loss predicted mortality in patients 

with AIDS,52 lending strong support to the concept that preservation of lean tissue in 

disease could prolong life. 

 The first study to assess the economic impact of clinical malnutrition was 

published in 1988.53 This study demonstrated that malnutrition increased hospital costs in 

both medical and surgical patients because it negatively impacted clinical prognosis. 

Interestingly, this work served as more of a proof of concept than a novel finding since 

the general relationship between nutrition status and prognosis was already well 

established at the time of publication. In fact, investigators had been characterizing the 

overall nutrition status of individuals with a number of specific diseases (cancer, cardiac 

disease, lung disease, renal disease, and AIDS) throughout the 1980s, which introduced 

the concept of disease-related malnutrition as it is currently understood.52,54–61  

 The 1980s were essential to the development of the understanding of clinical 

malnutrition, but as an appreciation for its importance developed, investigators began to 

express concerns about the overall validity of malnutrition studies.62–66 The primary 

concern raised was the treatment of an ambiguous diagnosis such as malnutrition and the 

need for a clear definition. This was first addressed at the turn of the decade, not by a 

clinician, but by an economist (although it appears this work was largely overlooked).63 
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In an address to the Western Agricultural Economics Association, David Seckler noted 

the economic discrepancy between his calculations of malnutrition based on universally 

accepted nutritional need and actual wasting and limited functional capacity in various 

locations in rural India. Thus, he proposed reshaping the concept of malnutrition to 

include various categories in an attempt to address this obvious disparity. Similar 

concerns were raised in 1983 by McLaren et al.66 who summarized their skepticism 

regarding malnutrition research as the following: “At present the foundations are shaky, 

practice is confused, and application is frequently inappropriate.”  

1990-Current    

 By the 1990s and early 2000s, the concept of disease-related malnutrition and the 

importance of lean tissue was well established. Furthermore, the cost of malnutrition 

relevant to patient outcomes and healthcare costs was widely recognized. The volume of 

work on clinical malnutrition, however, was only beginning to accumulate and would 

continue to increase over the next two decades.  

 In the 1990s, most research on malnutrition focused on the geriatric population; 

however, research continued to assess the impact of malnutrition on outcomes and costs 

in a wide variety of populations, as well. As the impact of clinical malnutrition became 

more apparent, the conversation began to shift more toward the importance of 

identifying, documenting, and treating the disease using a multidisciplinary approach. 

The increased focus on identifying and documenting malnutrition and a push to improve 

the diagnosis would spur the creation of a wide variety of nutrition screening and 

assessment tools.67   
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The differentiation of stress-induced vs starvation-induced malnutrition was 

discussed by investigators throughout the 1990s and into the early 2000s, but work 

surrounding the actual definition of malnutrition was limited until 2008.68 In 2008, the 

research team of Soeters et al. proposed a new definition for malnutrition, partially in 

response to the lack of a consensus definition.68 The authors described a definition for 

malnutrition that differentiated individuals, in part, based on their overall clinical picture, 

thus taking into account underlying disease pathophysiology and inflammation. 

Additional work similar to that of Soeters et al. was completed by Jensen et al. in 2009.69 

This new approach to conceptualize malnutrition based on the underlying 

pathophysiology was then applied in varying degrees to new malnutrition definitions 

proposed by both American and European organizations6,70 (summarized in Table 2.1  

and Table 2.2, respectively). 

Table 2.1: Criteria for the Diagnosis of Clinical Malnutrition in the United Statesa  

Criterionb Method(s) of assessment 

Insufficient energy intake Documentation of intake, either through a 

nutrition history, nutritional support, or 

calorie count, that does not meet 75% or 

more of energy requirements, estimated 

by indirect calorimetry or predictive 

equations 

Clinically significant weight loss Loss of ³ 2% in 1 week 

Loss of ³ 5% in 1 month 

Loss of ³ 7.5% in 3 months 

Loss of ³ 10% in 6 months 

Loss of ³ 20% in 1 year 
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Loss of lean muscle mass Nutrition focused physical exam with 

emphasis on the temple, clavicle, scapular, 

dorsal hand, patellar, anterior thigh or 

posterior calf regions or body composition 

measurements 

Loss of subcutaneous fat Nutrition focused physical exam with 

emphasis on the orbital, upper arm, 

thoracic, or lumbar regions, or body 

composition measurements 

Fluid accumulation (edema) that may 

mask weight loss 

Nutrition focused physical exam; various 

criteria are assigned to pitting edema, or 

the length of time a finger indentation 

remains on the skin when pressed and 

released 

Loss of functional status Decreased or low hand grip strength or 

lowered ability to perform functions of 

daily living 
aAdapted from Malone and Hamilton 201370 

bA patient must present with 2 or more of these 6 criteria to be diagnosed with clinical 
malnutrition. 
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Table 2.2: Criteria for the Diagnosis of Clinical Malnutrition in Europea 

Option 1b 

BMI <18.5 kg/m2 

Option 2 

Mandatory Criterion Optional Criteriac 

Unintentional weight loss of >10% of usual 

body weight irrespective of time, or >5% of 

usual body weight in 3 months 

Lowered BMI (<20 kg/m2 for patients under 

70 years old, and <22 kg/m2 for patients over 

70) 

Low fat-free mass index (<15 kg/m2 for 

females and <17 kg/m2 for males) 

aAdapted from Cederholm et al. 20156 

bBecause consensus has not been reached, two options for the clinical diagnosis of 
malnutrition exist in Europe. 
cIn addition to the mandatory criterion, patients must present with at least one of the 
optional criteria. 
 

Discussion and Future Directions 

 The clinical diagnosis of malnutrition has evolved over time but has ultimately 

remained challenging to define (Table 2.3). This is, in part, because the term is broadly 

applied to reflect symptoms that can result from changes in dietary intake, physical 

activity, aging, and underlying disease pathophysiology, including inflammation. The 

nature of the clinical diagnosis of malnutrition ensures that it will remain difficult to 

define. A failure to appreciate the immense history of the diagnosis, however, can result 

in a repetitive cycle in which malnutrition continues to be redefined in similar terms 

without substantive progress. A striking example of this is the similarity between current 

attempts to define malnutrition and those in the early 20th century (Table 2.3).  
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Table 2.3: Overview of the History of the Clinical Diagnosis of Malnutrition 

 

Beyond limiting the duplication of previous work on malnutrition, an 

understanding of the history of the diagnosis can also inform future directions. 

Malnutrition diagnostic criteria have shifted over time, but current definitions continue to 

rely heavily on measures of height and weight, subjective assessment of dietary intake, 

and visual observation. The fact that these criteria have persisted through millennia 

confirms that there is utility in these variables, but the continued pursuit of an 

Time Period Primary Work(s) and Theme(s) 

176 A.D. 
De Marasmo – Description of wasting phenotype and suggestion of three 

types of marasmus 

1300s 
De Marasmode secundum senteniam Galieni – Concern expressed 

regarding the various definitions of “marasmus” and reiteration of earlier 

concepts 

Late 1800s 
First appearance of the term “malnutrition” in published literature and 

articulated understanding of the relationship between malnutrition and 

disease 

Early-mid 1900s 

Emphasis on pediatric malnutrition. Diagnostic criteria varied widely, but 

overall progressed from physical assessment to anthropometric measures. 

Ultimately, malnutrition found to perform better as a risk factor vs 

diagnosis.  

Late 1900s 

Notion of clinical malnutrition introduced. Diagnostic criteria progressed 

from anthropometric and biochemical to subjective physical assessment. 

Concerns raised regarding malnutrition research due to lack of a 

consensus definition. 

Early 2000s 

Continued efforts to improve the diagnosis of clinical malnutrition results 

in a large number of nutrition screening and assessment tools. The 

concept of three types of malnutrition introduced and incorporated into 

the most recent American and European malnutrition definitions, but a 

consensus definition continued to elude investigators. 
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international, consensus definition suggests that these are not complete criteria. Our 

current time period is unique because we have access to innovative technology (e.g. 

metabolomics, body composition assessment devices) that was not available historically. 

Therefore, moving forward, it would be prudent to incorporate these technologies to 

augment more traditional tools in order to refine the clinical diagnosis of malnutrition. 

(Of note, clinicians outside the U.S. have demonstrated a much greater willingness to 

embrace technology; for example, bioimpedance generated fat-free mass is included in 

the E.S.P.E.N. definition of malnutrition.6) 

While use of these technologies and other nutrition assessment tools is 

informative, studies that attempt to evaluate their performance (alone or in combination) 

are hindered by the lack of a clear definition for malnutrition. Studies that assess the 

performance of these tools often dichotomize individuals to “malnourished” and “not 

malnourished” cohorts. The criteria used to define “malnourished” in these studies, 

however, vary widely.71–79 The continued use of study designs that dichotomize 

individuals to “malnourished” and “not malnourished” cohorts perpetuates the illusion 

that malnutrition is a clearly defined condition. When viewed through a historical lens, it 

becomes evident that this impedes progress towards an improved definition: these 

concerns were raised by researchers over 30 years ago.62–66  

Although it is important to appreciate the flaws in any process or system, progress 

requires addressing the identified limitations. With specific regard to the clinical 

diagnosis of malnutrition, it is quite possible that the perfect set of criteria, or 

development of an international consensus definition, may be an interminable endeavor. 

However, because the diagnosis of malnutrition will continue to be central to clinical 
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nutrition care, we must strive to improve how we define it. In the context of historical 

work on malnutrition, it may be time to consider a complete reconstruction of the 

definition.  

Malnutrition has always been defined first and then associated with outcomes. It 

may be worth considering flipping this paradigm. Ultimately, the goal of diagnosing 

malnutrition should be to identify individuals that would benefit from nutrition 

intervention. In our paradigm shift, through coordinated research efforts, we would first 

identify nutrition-related variables that predict outcomes, and then identify which of those 

are responsive to nutrition intervention. We would then identify which variables are both 

responsive to nutrition and track with improved outcomes. This strategy would provide a 

stronger base from which to enhance the definition of clinical malnutrition.  

Conclusion 

Clinicians have been aware of malnutrition for thousands of years, but the 

definition for its clinical diagnosis remains variable. In some ways, clearly defining 

clinical malnutrition today is more difficult than in the past because it now requires an 

understanding of underlying disease pathophysiology in order to obtain a more complete 

picture of nutritional status. The pursuit of a clear, objective, international consensus 

definition for clinical malnutrition is challenging. An appreciation for the history of the 

diagnosis, along with continued advancements in the understanding of the condition and 

its impact on clinical outcomes, will provide the necessary footing for nutrition experts to 

move forward in resolving the age-old problem of clearly defining and effectively 

treating malnutrition.  
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Chapter 3: Literature Review Part II* - Update on body composition tools in clinical 
settings: computed tomography, ultrasound, and bioimpedance applications for 
assessment and monitoring 
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Synopsis 

Patients with acute/critical illness are particularly vulnerable to muscle loss and fluid 

shifts, which adversely impact clinical outcomes. Assessment of these parameters in 

hospital settings is often subjective and imprecise, which creates discrepancies in 

identification and difficulty in assessing longitudinal changes. Body composition (BC) 

technologies provide objective information about muscle and fluid status that can 

enhance clinical assessment, and BC variables could be biomarkers for prognosis and 

targets to monitor intervention. There is growing interest in computed tomography (CT), 

ultrasound (US), and bioimpedance techniques as bedside assessment tools in clinical 

populations, and specific muscle measures, whole body BC estimates, and select BC 

variables show promise as biomarkers of muscle health, nutrition risk, and fluid status. 

This brief review highlights work within the past 5 years on the use of BC variables 

generated from CT, US, and bioimpedance in clinical populations with an emphasis on 

those with acute/critical illness and a brief discussion of implementation challenges in 

these populations. Consensus on measurement protocols will facilitate identification of 

BC targets that best reflect prognosis and outcomes and will ultimately allow clinicians to 

identify individuals who would benefit most from targeted nutrition and physical therapy 

interventions and reliably monitor their response to treatment.  
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Introduction 

Clinicians around the world recognize that sarcopenia, or the loss of muscle mass 

and/or function, and fluid overload adversely impact clinical outcomes and prognosis; 

thus, there is growing interest in body composition (BC) assessment techniques that can 

be applied in the hospital setting. The primary methods that have been explored include 

computed tomography (CT), ultrasound (US) and bioimpedance; comprehensive reviews 

of these techniques are available elsewhere 80–84. Recent investigations using these 

techniques have focused on evaluating muscle quantity and quality; identifying BC 

variables that reflect whole body lean tissue as a key component of nutritional status; and 

diagnosing and managing fluid overload. This brief review will highlight work within the 

past 5 years focusing on how BC variables generated from CT, US, and bioimpedance 

can be used for both their prognostic value and as biomarkers for fluid and/or nutrition 

status in clinical populations with an emphasis on acute/critical illness.  

Computed Tomography (CT) 

Because CT imaging exposes patients to radiation, research on this BC method is 

largely limited to retrospective analysis for those who require the imaging in accordance 

with routine care, such as individuals with cancer and critical illness/trauma 82. 

Quantitative measures of skeletal muscle (SM) from the third lumbar (L3) vertebra, 

which includes the left and right psoas as well as paraspinal and abdominal muscles, have 

been examined for their prognostic value 80. Abdominal SM cross-sectional area (CSA) 

from a single-slice image at L3 correlated well with whole body SM estimates by DXA 

in cancer 85, but it is unknown how well this relationship holds in acute/critical illness. 

Furthermore, CSA has been indexed to squared height to determine SM index (SMI), 
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which correlates to increased morbidity/mortality in various cancer populations, and 

gender-specific L3 SMI sarcopenia cutpoints in cancer have been well-established 80. CT-

derived L3 cutpoints have been proposed to define sarcopenia in other populations 

including critical illness 86 and liver failure 87. Recent CT research has three foci: 1) 

assessment of muscle quality by Hounsfield unit average calculation (HUAC) for the 

muscle tissue within the image; 2) investigation of muscle measures in acute/critical 

illness; and 3) evaluation of muscle measures in anatomical locations beyond the L3.   

Current work in critical illness mimics findings in cancer in that CT muscle 

measures predict outcomes and may be important in guiding interventions. A recent 

investigation in mechanically-ventilated critically ill patients demonstrated that lower L3 

SMI correlated with increased mortality 86. In trauma patients, assessment of psoas 

HUAC better reflected poor muscularity than psoas muscle index (PMI), and HUAC was 

more predictive of morbidity/mortality 88 These findings have been replicated in cancer, 

causing many to view HUAC measures as superior to those of quantity for predicting 

prognosis 80. It has also been demonstrated that the subjective global assessment used to 

classify nutrition status does not adequately agree with classifications of sarcopenia based 

on L3 SMI for ICU patients with respiratory failure, especially for those who were male, 

minorities, and/or obese 89; this data suggests that CT muscle analysis may improve 

nutritional risk classification. CT-measured loss of muscle CSA also correlated with 

lowered energy and protein intake in this population, suggesting that this indicator may 

be responsive to nutrition intervention 90.  

CT-derived muscle measures may also be useful for those requiring invasive 

surgical intervention. Lower PMI predicted increased morbidity/mortality after liver 
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transplant 91, and HUAC was superior to SMI in predicting waitlist mortality, though 

both PMI and HUAC only modestly predicted muscle function 92. Other investigators 

noted that psoas muscle HUAC predicted morbidity/mortality in enterocutaneous fistula 

repair 93. Preoperative pectoralis HUAC better predicted mortality than other traditional 

risk assessments after left ventricular assist device placement in heart failure 94. 

Ultimately, these data indicate that available preoperative CT images may provide 

invaluable data on muscularity that can predict outcomes and determine appropriateness 

for invasive treatment in a number of populations.   

Finally, with the freely available ImageJ software from the National Institutes of 

Health, increasing numbers of clinical researchers are including CT imaging in studies 

that explore nutrition and/or physical therapy interventions targeting muscle. Although 

ImageJ requires manual tracing of the muscle, a recent tutorial 95 has made the software 

an easily accessible tool for CT-derived BC analysis that provides comparable results to 

SliceOmatic when appropriately utilized 96. Future directions for CT-derived BC include: 

further identification of appropriate scan locations available from routine care; 

establishment of consensus regarding best target to measure (SMI or HUAC); and 

defining appropriate cutoff values to define sarcopenia for specific populations. 

Ultimately, this work may generate an objective biomarker to diagnose sarcopenia, 

determine appropriateness for aggressive treatment, screen for nutritional risk, and 

monitor the impact of nutrition intervention.   

 

Primary Challenges to the Use of CT for Assessment/Monitoring in Acute/Critical Illness 

Radiation exposure limits CT to only those requiring it for medical purposes; 
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thus, its use as an assessment/monitoring tool for muscle health is inherently limited and 

retrospective. Furthermore, using CT imaging to assess sarcopenia from reference 

cutpoints or to track muscle changes longitudinally is subject to errors caused by 

differences in patient positioning, the use of contrast dye (the effect of which on muscle 

measures is not well-studied), technician variability, voltage and other device differences, 

and physiologic factors 81. For example, CT scanners cannot accommodate very large 

individuals, and water (HU = 0) cannot be distinguished from SM (HU -29 to 150, 

typically), making it difficult to interpret scans when edema is present. Finally, learning 

how to access and analyze CT images is a major barrier for clinicians who are pressed for 

time. Ultimately, collaboration with radiologists who could provide muscle measures in 

response to physician order would greatly facilitate the use of CT as a bedside 

assessment/monitoring tool. 

Ultrasound (US) 

 US imaging is a practical, non-invasive, and readily available method for the 

prospective assessment of SM changes in response to illness and treatment 97. Multi-site 

measurement protocols have been validated to whole-body SM by both MRI and DXA in 

healthy individuals 98,99 and there is growing interest in the clinical application of US for 

objective assessment of muscle health and function earlier than tests that require volition 

in the critically ill 100.  

Most studies in the ICU have focused on measurements of muscle quantity 

(muscle thickness and CSA) taken in both the quadriceps, a muscle region known to be 

rapidly impacted by sarcopenia and to correlate with ICU survival 97,101, and the 

diaphragm, which is impacted by mechanical ventilation 102. US analysis of both regions 
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has provided insight into the pathophysiology of ICU-acquired weakness and ventilator-

induced diaphragmatic dysfunction. For example, US detected quadriceps muscle 

thickness loss within the first 10 days of ICU stay, and more severe loss was observed 

with multiple organ failure than in single organ failure 103. Quadriceps muscle thickness 

also predicted increased morbidity/mortality in ICU patients and has been suggested to be 

an objective biomarker to determine fitness for aggressive treatment 86,104. Additionally, 

in patients with respiratory failure on mechanical ventilation, the greatest mean 

diaphragm muscle thickness loss occurred within the first 72 hours of ventilation, and 

total loss increased with extended ventilation time 102. US measures of muscle loss in the 

critically ill will aid in the development of appropriate intervention strategies. 

In turn, qualitative evaluation of muscle through the measure of echogenicity 

(using image gray-scale analysis) has been shown to be a more sensitive indicator of 

muscle atrophy than quantitative measures 105 and can be used to assess necrosis, fatty 

infiltration, and inflammation in place of invasive muscle biopsy in critically ill patients 

106,107. Parry and colleagues were the first to demonstrate that quadriceps echogenicity 

predicted muscle function in ICU patients requiring mechanical ventilation 100, 

corroborating earlier reports whereby this measure correlated with muscle strength 

independent of age and muscle quantity in an elderly population 108. Echogenicity, then, 

may be an important tool for early non-volitional assessment of muscle function in the 

critically ill.  

Ultimately, both quantitative and qualitative US measures of the quadriceps and 

other muscles provide tools to prospectively monitor SM change in hospital populations. 

US characterization of muscle changes would facilitate development of muscle-targeted 
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nutrition and physical therapy interventions. 

   

Primary Challenges to the Use of US for Assessment/Monitoring in Acute/Critical Illness 

There is not yet international consensus on optimal protocol to obtain reliable 

measurements of muscle mass and quality at the bedside 81,97. Studies do not universally 

report measurement protocol details, and a number of factors can introduce errors, 

particularly in longitudinal measurements 97. For example, inconsistent landmarking and 

variable force of compression can influence muscle quantity; maximal compression has 

been shown to yield less reliability than minimal compression 109 and may be less closely 

aligned with other BC measures. A recent multi-site study using unilateral quadriceps 

measurements and maximal compression yielded only modest agreement with CT-

defined low muscularity 110. Further, there is no consensus on the best measurement sites 

in hospitalized patients. Although well-validated in healthy individuals, a 9-site protocol 

98 is not feasible in acute/critical illness. A 5-site protocol utilizing both quadriceps and 

one bicep 109 holds promise, particularly with minimal compression; this protocol yielded 

excellent inter- and intrarater reliability in healthy individuals and requires validation in 

hospital populations. Harris-Love et al 111 demonstrated that both the applied force and 

the angle or roll (anisotropy) of the probe can introduce significant errors to measures of 

muscle quantity and quality; these factors will need to be quantifiable for best accuracy 

longitudinally, and commonly used US devices do not currently have the capacity to 

register force and anisotropy. Finally, obesity and edema present challenges for US 

measurements. These physiological states can cause inconsistent landmarking and 

inadequate visualization of the muscle group of interest. Significant edema can cause 
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difficulties obtaining clear delineation of muscle. Additional research is needed to 

determine how best to minimize errors in these circumstances. Ideally, longitudinal 

measurements would benefit from the ability to record the angle/roll and force of the 

probe in order to maintain consistency in these variables. Following the establishment of 

a practical, standardized protocol, US measures of muscle quantity and quality may 

characterize muscle atrophy and guide clinical interventions.  

Bioimpedance 

 Bioimpedance is the most widely utilized and studied BC assessment method for 

bedside application. Given its basis in electrical conductivity, bioimpedance is best 

designed to evaluate fluid volumes, and secondarily the lean tissue compartment (fat-free 

mass; FFM). There are three primary approaches to the clinical application of 

bioimpedance: single-frequency (SF) bioelectrical impedance analysis (BIA), multi-

frequency (MF) BIA, and bioimpedance spectroscopy (BIS). It is imperative to 

understand the differences in underlying theory and assumptions inherent in each of these 

approaches, and extensive discussions of these techniques is available elsewhere 83,84.  

Bioimpedance techniques are being applied in novel ways, including the evaluation of 

wound healing, cardiac output and other clinical targets, highlighted in a recent review 

112; however, this review will focus on recent developments in the use of bioimpedance to 

assess nutritional and fluid status. In general, bioimpedance techniques are considered 

accurate at the mean level for estimating FFM from total body water (TBW) estimates in 

healthy adults when compared to appropriate reference methods. Interestingly, the recent 

definition of malnutrition by the European Society of Parenteral and Enteral Nutrition 

includes FFM index (FFMI) defined by an SF-BIA equation. However, the estimation of 
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whole body FFM and other compartments by bioimpedance predictive equations is error-

prone in acute/critical illness due to the likely violation of underlying assumptions, 

including consistent hydration of the FFM at 73%, stability of distribution between intra- 

(ICW) and extracellular water (ECW), and predictability of body geometry; these and 

other assumptions are likely even more subject to violation in critically ill patients with 

obesity 83,84. To address this discrepancy, researchers are interested in a number of 

bioimpedance variables, using approaches other than whole-body SF-BIA.  

 Estimation of ICW and ECW is theoretically possible only with MF-BIA and BIS 

approaches, as SF-BIA devices only measure at one frequency (50 kHz). Currently, 

whole body and segmental MF-BIA and BIS algorithms are being utilized to assess and 

monitor ECW and ICW volumes in fluid overload in several different clinical 

populations. In two recent examples, ECW/TBW estimates by segmental MF-BIA 

measurements (InBody S10; Biospace) using device software could be used to evaluate 

volume overload and predict morbidity/mortality in individuals with acute kidney injury 

on continuous renal replacement therapy 113. Others have utilized whole body BIS (Body 

Composition Monitor, BCM; Fresenius) using device software to assess fluid and 

nutritional status in patients on dialysis 114,115, track ECW changes before and after 

general anesthesia 116, and monitor TBW in critically ill patients on mechanical 

ventilation 117. BIS-estimated volumes agreed fairly well with clinically estimated fluid 

balance post anesthesia 116 but not as well in critically ill patients 117. Further evaluation 

and refinement of this and other MF-BIA and BIS algorithms for fluid and nutritional 

monitoring in acute/critical illness is warranted.  
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 Recent work in the elderly suggests that ECW/ICW could be a biomarker of 

muscle health and/or nutritional status. Segmental upper leg ECW/ICW using BIS 

(SFB7; ImpediMed) with device software using Cole modeling and modified Xitron 

mixture equations has shown promise as a marker of muscle quality in older adults, with 

higher ECW/ICW correlating with lower knee extension strength and gait speed 118.  

Whole body lean tissue index (LTI) generated from a BIS device algorithm (BCM, 

Fresenius)  correlated well with muscle strength 114 and survival 115, and an algorithm-

specific cut-point (LTI< 10% of normal) to define malnutrition independently predicted 

mortality in patients on hemodialysis 115. Fat mass estimates by a similar model 

underlying this BCM approach yielded good agreement with DXA when applied to 

NHANES data, and more variable results in women undergoing bariatric surgery 119. It 

should be noted that bioimpedance errors increase with adiposity 84, and it is unlikely that 

any algorithm can be relied upon for accurate whole body estimates in acutely ill patients 

with obesity. 

 Consequently, recent clinical bioimpedance investigations have focused on the 

use of ‘raw’ bioimpedance variables, including 50 kHz phase angle (PA), 200/5 kHz 

impedance ratio (IR) and others as markers of nutritional status and/or prognosis 120. Low 

PA has been well-demonstrated to independently predict sarcopenia and mortality in a 

range of clinical populations. In two recent examples, low PA at ICU admission 

measured by different SF-BIA devices independently predicted 90-day 121 and 28-day 122 

mortality in critically ill patients. Similarly, PA and IR measured by a MF-BIA device 

(Quadscan, BodyStat LTD) predicted ICU length of stay in opposing directions in 

critically ill patients in a multicenter study 123. In addition to PA, BIS variables including 
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characteristic frequency and cell membrane capacitance also strongly predicted knee 

extensor strength in the elderly 124; these BIS-generated variables merit further 

exploration as biomarkers of muscle health in the clinical setting.  Finally, bioelectrical 

vector analysis (BIVA) using 50-kHz resistance and reactance measures has successfully 

been utilized as a tool to evaluate fluid management in critically ill patients 125.  

Overhydration determined by BIVA has been shown to predict mortality in heart failure 

126, acute kidney injury 127 and other critical illness 128.    

 While there is evidence to suggest that several different bioimpedance variables 

relate to prognosis, muscle function, and nutritional status, it is not yet clear if they can 

be tracked over time to reflect clinically meaningful changes in muscle health or 

nutritional status. Further research is warranted to determine whether select whole body 

estimates by MF-BIA and BIS (e.g. ECW/ICW or LTI) and/or raw bioimpedance 

parameters (e.g. 50 kHz PA, 200/5 kHz or some other high-to-low-frequency IR, 

characteristic frequency, or membrane capacitance) can be used as biomarkers to assess 

and monitor nutritional status and response to muscle-targeted interventions in 

individuals with acute/critical illness.  

 

Primary Challenges to the Use of Bioimpedance for Assessment/Monitoring in 

Acute/Critical Illness 

 Different bioimpedance approaches vary widely, and device software equations 

and algorithms are often unknown; these differences are clinically problematic. While 

SF-BIA and MF-BIA prediction equations are population specific, BIS algorithms have 

different resistivity constants that should be considered 129. Clinicians often lack 
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sufficient time to consider which algorithm is being used in the device at hand, creating 

confusion on how best to use the device output. Regardless of absolute accuracy, 

evidence suggests utility in MF-BIA and BIS whole body ECW/ICW measures as a 

reflection of fluid status, and even lean estimates may be biomarkers of prognosis and/or 

nutritional status. On the other hand, PA, IR, and other raw variables circumvent many 

difficulties in whole body extrapolation; however, device, population, gender and BMI 

specificity in reference cutpoints in these parameters will impact interpretation. There are 

many factors that can introduce error to and influence interpretation of bioimpedance 

measurements in the hospital setting 83,84. The most important of these include: inability 

to adequately position the patient for supine measures (semi-recumbent positioning is 

standard in ICU) with complete separation of legs, and arms from the trunk (particularly 

in obesity); elevated skin temperature with fever; substantial fluid and electrolyte shifts; 

poor skin integrity interfering with electrode placement; and close proximity of other 

medical devices that may be difficult to sufficiently distance from the bioimpedance 

device. Additionally, ICU patients have likely been lying supine for hours prior to 

measurements causing fluid redistribution towards the trunk; this can make it challenging 

to interpret results in light of reference cutpoints which are typically generated from 10-

min post-supine measurements 83. Consistency in device and measurement protocol for 

longitudinal measurements will likely mitigate some of these challenges.   

Conclusion 

 CT, US, and bioimpedance approaches provide promising clinical bioimarkers for 

prognosis, nutritional status, and muscle health, and their use is expanding in ICU 

settings. Their utility in tracking response to muscle- and nutrition-targeted interventions 
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in acute/critical illness requires additional research, which is ongoing in many major 

medical centers around the world. Ultimately, data from these devices would reduce 

subjectivity in assessment of muscularity by nutrition professionals, which could provide 

more sensitive screening for those at nutritional risk as well as improve monitoring and 

evaluation of targeted nutrition intervention in hospital patients. Following the 

establishment of standardized protocols for measurement and interpretation, their utility 

could particularly improve the standard of care in the ICU, where loss of muscle severely 

impacts prognosis and quality of life.  
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Chapter 4: Literature Review Part III - Brief review of sarcopenia, cachexia, malnutrition, 
and frailty; protein recommendations; and stable isotope amino acid tracers 
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Introduction 

 It was mentioned in Chapter 2 of this dissertation that sarcopenia was first defined 

in the 1980s, and the relation of muscle mass to clinical outcomes became of interest 

during that time. Chapter 3 further referenced the deleterious effects of sarcopenia for 

clinical outcomes and discussed the need for an improved ability to assess and monitor 

lean tissue and changes over time in clinical populations. This chapter will further discuss 

sarcopenia and related conditions, including cachexia, malnutrition, and frailty, as well as 

the importance of meeting total energy and protein needs for the prevention and treatment 

of these conditions. A brief history of protein recommendations is provided with a focus 

on new, promising techniques for improvement, such as the use of stable isotope amino 

acid tracers to determine whole body protein kinetics.  

Sarcopenia, cachexia, malnutrition, and frailty 

The first definition of sarcopenia appeared in 1988 and specifically referenced 

loss of muscle mass in relation to age;130 as the condition gained recognition for its health 

and economic burden, it has undergone 6 consensus definitions since 2010.131 The most 

widely cited criteria for defining and diagnosing sarcopenia come from the European 

Working Group on Sarcopenia in Older People,132 which was recently updated in 2019.133 

Sarcopenia is known to be a progressive loss of muscle mass and strength that is 

generalized across the body, worsening over time and increasing with advancing age. 

Importantly, the most recent criteria noted that sarcopenia is no longer solely a condition 

of aging, as muscle disuse, malnutrition, and cachexia can also lead to loss of muscle 

mass and strength independent of age. Additionally, these criteria emphasized the 

assessment of strength, which is the strongest predictor of clinical outcomes;133 
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importantly, this remains an area of confusion for use of the term sarcopenia, as many 

publications continue to refer to the loss of muscle mass as sarcopenia, while diagnosis 

by current consensus requires measured loss of strength. It is now recommended that 

clinicians and researchers first assess strength, most commonly with a hand grip strength 

dynamometer, and, if found to be low, this criterion alone is sufficient to suspect and treat 

sarcopenia. To confirm the diagnosis, measurable muscle mass depletion must be noted, 

though this is not necessary for clinical treatment. Finally, lowered measures of physical 

performance, such as gait speed or sit to stand tests, indicate the severity of sarcopenia. 

Comprehensive reviews of the pathophysiology of sarcopenia can be found here,134,135 

which involves both cellular changes, including fatty infiltration of muscle and shifts 

from type I to type II muscle fibers, and molecular changes that influence cell signaling.  

 Cachexia is thought by many to be a subtype of sarcopenia with an inflammatory 

etiology, but this notion is not agreed upon, mainly because definitions of cachexia do not 

necessarily include loss of muscle strength and are not limited to loss of muscle. Instead, 

cachexia is defined as loss of body weight, including both fat and muscle, driven by an 

underlying inflammatory disease process, with loss of muscle mass as the most clinically 

relevant characteristic in terms of its relation to outcomes.136 For an individual to be 

diagnosed as cachectic, they must meet specific weight loss criteria and have anorexic 

symptoms and an underlying disease causing elevated inflammatory biomarkers. 

Ultimately, many sarcopenic individuals are not cachectic due to lack of inflammatory 

etiology, weight loss, or anorexia, and some cachectic individuals would not meet the 

criteria for sarcopenia as overall weight loss may not include loss of muscle mass, and 

loss of muscle strength may not be present. Additionally, all cachectic individuals are 
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malnourished, but many sarcopenic individuals may not meet the criteria for 

malnutrition, especially as it is suggested that distinct criteria for the nutrition focused 

physical exam should be applied to aging populations.  

 As cachexia has a number of precipitating disease states with varying metabolic 

processes, it has been suggested that distinct definitions and diagnostic criteria be 

developed for various subtypes of the condition in order to improve detection and 

treatment. Efforts have specifically been made to further distinguish cancer cachexia and 

cardiac cachexia, as clinical outcomes of both of these chronic conditions are well-known 

to be worsened by cachexia.137–140 International consensus criteria for cancer cachexia 

were agreed upon in 2011; it was determined that patients must meet certain weight loss 

criteria and have either a BMI below a specified cutoff or have reduced muscle mass.137 

Cardiac cachexia has a unique presentation, as the cellular and molecular changes in 

muscle tissue are also reflected in cardiac tissue,139 and this condition is known to be 

impacted by the obesity paradox, in which obesity is initially a risk factor for the 

development of heart failure, but then is protective once heart failure has been 

diagnosed.141 Specific weight loss criteria for cardiac cachexia have been established by 

the European Society of Cardiology.142 Despite these specific criteria, more general 

cachexia criteria and even sarcopenia terminology continue to be applied to these 

subpopulations, complicating comparisons between studies.  

 Finally, it must also be mentioned that frailty is another condition in need of 

consensus criteria that consistently overlaps with sarcopenia, cachexia, and 

malnutrition.143,144 Similar to sarcopenia, frailty has an age-related component; however, 

unlike sarcopenia, advanced age must be present for diagnosis. Two major paradigms 
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exist in the definition of frailty in older adults: physical frailty, which can be assessed 

through a variety of physical parameters including weight loss and reduced grip 

strength145 and thus has significant overlap with sarcopenia, and the Frailty Index, which 

incorporates a number of social, psychological, and cognitive criteria and thus has less 

relevance to the aforementioned terms.146 Frailty is often distinguished from cachexia, 

and while many frail patients may be malnourished by the physical frailty paradigm, this 

is not necessarily the case for diagnosis by the Frailty Index.  

 Ultimately, the diagnosis of sarcopenia, cachexia, malnutrition, and frailty aim to 

identify patients who are at risk of worsened clinical outcomes and to determine best-

treatment practices for these individuals; however, their ongoing overlap and inconsistent 

application complicates research on identification and treatment. Most complex are the 

patients with overlapping conditions, as conceivably it is possible to be diagnosed with 

sarcopenia, cachexia, malnutrition, and frailty at once. As discussed in Chapter 3 of this 

dissertation, assessment of muscle mass is not agreed upon, and ongoing research 

determining available technologies as well as specific cutoffs for various populations will 

continue to improve the diagnosis and treatment of these conditions. Importantly, 

adequate nutrition, including total energy intake and protein intake, as well as prescribed 

exercise programs have been shown to be effective treatments for these conditions.131   

Protein recommendations 

In order to prevent or treat loss of muscle mass and strength associated with any 

of the aforementioned terms, it is imperative to provide adequate dietary protein to 

promote anabolism. It has been shown that as increasing amounts of amino acids are 

given, cells increase uptake, but intercellular concentration remains constant; this data 
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demonstrates that providing additional amino acids stimulates protein synthesis.147,148 It is 

well known that aging involves a loss of skeletal muscle mass and strength analogous to 

bone density, in that a peak muscle mass is reached around age 30 and then deteriorates, 

with strength declining faster than mass.131 It is also known that the inflammatory 

cascade associated with various disease states accelerates the loss of muscle.149 

Therefore, it serves to reason that older adults as well as various clinical populations 

require increased protein intake to maintain muscle tissue.  

In the United States, protein recommendations for healthy populations are set by 

the periodic meetings of the Food and Nutrition Board of the Institute of Medicine. First, 

an Estimated Average Requirement (EAR) is determined from available data, which is 

the amount required to meet the needs of 50% of the population; for protein 

requirements, the US population is stratified by age, though adults (³ 18) are not further 

subcategorized. Next, a Recommended Daily Allowance (RDA) is determined from the 

EAR which would meet the needs of 98% of the population. The EAR and RDA are 

discussed as an amount of protein required per kg of body mass. Finally, an Acceptable 

Macronutrient Distribution Range (AMDR) is also set for protein, which is the 

percentage of total calories (from all macronutrients) of the diet that should come from 

protein. These determinations are the basis for the Dietary Guidelines for Americans 

created by the United States Department of Agriculture Health and Human Services. 

Currently, for US adults, protein recommendations are as follows: the EAR is 0.66 g/kg, 

the RDA is 0.8 g/kg, and the AMDR is 10-35%.150  

The data used to determine these protein recommendations is entirely based on 

nitrogen (N) balance studies, which have known shortcomings and are admittedly used 
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for lack of a better alternative.151,152 As they have been the standard of protein intake 

assessment for nearly 100 years, their strength is in the amount of data available.5 Their 

basic assumption is that if N input and output are in balance, synthesis and breakdown of 

protein are also in balance, as most body N exists in amino acids. Although the majority 

of N is excreted as urinary urea, it is also lost in most other body fluid and/or tissue loss, 

including respiration; flatulence; perspiration; feces; loss of skin, hair, and nails; and loss 

of sputum, salivary, and menstrual fluid if applicable. Ultimately, N input from protein 

intake is usually overestimated due to unknown loss in cooking, and N output is often 

underestimated due to an inability to appropriately measure loss from all modalities; thus, 

this method consistently underestimates the amount of protein needed for 

anabolism.152,153 In addition, the study design is tedious and prone to error; climate, 

activity, and diet must be tightly controlled, and due to the body’s ability to adapt to 

alterations in feeding that cause a delay in urinary response, control must be maintained 

for weeks. It must also be mentioned that protein quality is of specific interest when 

assessing intake, which is determined by the variety and proportion of essential amino 

acids (EAA) provided as well as their digestibility. This was first measured by the protein 

digestibility amino acid score,154 which has now been largely replaced by the digestible 

indispensable amino acid score.155 Although protein recommendations are presented as 

total amounts, these scoring systems indicate that the source of protein is also critical to 

consider, especially in populations where intake is limited or digestion may be impaired. 

N balance studies do not take protein quality into consideration, and many do not discuss 

whether total calorie need was met in the study.5 Finally, clinical studies documenting N 

balance have not typically included relevant outcomes; in particular, N balance changes 
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have not been well-studied in relation to maintenance of lean body mass, strength, or 

physical performance in clinical settings due to inherent limitations of the method. 

Clearly, the accuracy of N balance studies is in question, though they currently remain 

the foundation of dietary protein recommendations. 

Protein recommendations for clinical populations are also grounded in N balance 

data; ASPEN recommends an increased protein intake between 1.2-2.0 g/kg for most 

stressed and critical care states, based on small, limited scope N balance studies 

performed many years ago, and they grade the quality of this evidence as “very low,” 

especially as N balance studies are extremely difficult to perform in individuals 

undergoing metabolic stress in response to injury and illness.156,157 Data on the 

relationship between protein intake within this recommended range and clinical outcomes 

for specific populations is lacking.156,158 For example, in cancer patients, it is unknown 

how to apply this recommended range across various cancer types, stages of malignancy, 

treatment methods, and age groups.151,159,160 Ultimately, it is known that increased intake 

of amino acids can support the maintenance of lean body mass in those who have 

elevated catabolism, but the particular amount to provide for specific clinical populations 

is not well-known or studied.  

Stable Isotope Amino Acid Tracers 

Whole body protein kinetics through administration of stable isotope amino acid 

tracers has been used in a small but growing number of studies in various populations to 

determine anabolic threshold and anabolic capacity and thus is a promising method to 

estimate protein needs in various clinical populations.161–166 Stable isotopes are naturally 

occurring in vivo and differ only from the most common standard amino acid by atomic 



 48  

mass due to additional neutrons; thus, they can be safely administered via intravenous 

(IV) infusion and/or enterally (after administration, termed a tracer) and incorporated into 

the amino acid pool, as they undergo metabolism identical to the standard amino acid 

(tracee). They can then be separated and quantified from a sample by gas/liquid 

chromatography and mass spectroscopy (GC/LC-MS).161 Ultimately, changes in the 

tracer-tracee-ratio (TTR) in a body pool provide information about the synthesis and 

breakdown of protein in order to determine anabolic threshold (i.e. net protein balance) 

and anabolic capacity. Although the body consists of many pools of amino acids that are 

not equal in protein metabolism (e.g. muscle tissue verses liver tissue), they are 

connected by one plasma pool that maintains a small amount of amino acids within a 

narrow range. Thus, if tracers are administered intravenously at a steady rate (F) to the 

point at which isotopic equilibrium is reached, or where the rate of disappearance of the 

tracer from plasma (Rd) is equal to the rate of appearance of tracer into plasma (Ra) and 

there is thus no further change in the TTR (i.e. isotopic enrichment (Ep) of the body has 

been reached), the plasma can be used as a central pool from which samples can be taken 

to determine whole body protein kinetics.167 Additionally, tracers can be primed by an 

initial IV bolus to decrease time to reach Ep, and because Ep is a function of F, this rate 

is chosen to result in a low Ep so as to avoid any interference with tracee metabolism (as 

well as to reduce cost) but still be detectable by MS.163,168 See Figure 4.1 for a depiction 

of the tracer infusion protocol and the determination of TTR.  
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Figure 4.1: IV Infusion of Stable Isotope Tracers and Determination of TTR161 

 
IV, intravenous infusion; TRR, tracer to tracee ratio 

Because phenylalanine (Phe) is an essential amino acid with only two fates 

(synthesis into protein or degradation to tyrosine (Tyr)), it is an ideal amino acid to trace 

whole body protein kinetics if hydroxylation to Tyr is also measured. For the calculations 

used to determine whole body protein kinetics using Phe and Tyr, see Table 4.1. 

Table 4.1: Stable Isotope Amino Acid Tracer Calculations 

Protein Kinetics Calculations in the Fasted State (t=0-2) 
Variable Calculation Further Explanation 
Ra Phe[2H5] F / TTR-Phe[2H5] TTR-Phe[2H5] = IV-Phe / Plasma-Phe 
Ra 
Tyr[13C9,15N] 

F / TTR-Tyr[13C9,15N] TTR-Tyr[13C9,15N] = IV-Tyr / Plasma-
Tyr 

WbPB Ra Phe[2H5] Phe is an essential amino acid; in the 
fasted state, it can only appear into the 
plasma pool from protein breakdown. 

Hydroxylation 
of Phe to Tyr 

(Ra Tyr[13C9,15N])(TTR 
[2H4]-Tyr)  (TTR [2H5]-Phe) 

Ra Tyr[13C9,15N] = F  
TTR [2H4]-Tyr = IV-Tyr / breakdown 
of IV-Phe 
TTR [2H5]-Phe = IV-Phe / Plasma-Phe 

Rd Phe[2H5] Protein Synthesis + 
Hydroxylation to Tyr 
 

Rd Phe[2H5] = Ra Phe[2H5]  
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WbPS Rd Phe[2H5] – hydroxylation 
to Tyr 

 

Net Protein 
Balance 

WbPS - WbPB  

Protein Kinetics Calculations in the Fed State (t=2-6) 
Variable Calculation Further Explanation 
Ra Phe[1-13C] 
 

Oral intake of Phe[1-13C] 
TTR Phe[1-13C] 

Appearance of Phe from oral intake 

Splanchnic 
Phe Extraction 

1 – WbRa Phe[2H5]    x 
WbRa Phe[1-13C] 

Phe taken up by gut and liver during 
first past amino acid metabolism 

Exogenous Ra 
Phe 

Total Phe intake (1 – 
splanchnic Phe extraction) 

Total Phe intake = labeled and 
unlabeled Phe in oral feedings;  
Appearance of Phe in plasma from 
dietary protein 

WbPB Ra Phe[2H5] – exogenous Ra 
Phe 

 

WbPS Rd Phe[2H5]  – 
hydroxylation to Tyr 

 These calculations identical to the 
fasted state 

Net Protein 
Balance 

WbPS – WbPb   

Digestibility and Absorption 
Variable Calculation Further Explanation 
Digestibility (Plasma Phe[15N] / Phe[1-

13C]) 
(Oral Phe[15N] / Phe[1-13C]) 

Ratio of labeled Phe similar in plasma 
as in oral feeding if digestion is 
optimal;  
15N-Phe in spirulina requires digestion, 
while 13C-Phe does not require 
digestion 

Absorption (Plasma Iso[15N] / Iso[13C6])  
(IV Iso[13C6] / Oral 

Iso[15N]) 

Ratio of labeled isoleucine via IV and 
oral route should be similar in plasma 
as in amount given if absorption is 
optimal 

C, carbon; F, infusion rate; H, hydrogen; IV, intravenous; N, nitrogen; PB, protein 
breakdown; Phe, phenylalanine; PS, protein synthesis; Ra, rate of appearance; Rd, rate of 
disappearance; T, time; TTR, tracer-to-tracee ratio; Tyr, tyrosine; Wb, whole body   

 

In the fasted state, the Ra of Phe describes whole body protein breakdown 

(WbPB), as body protein is the only source of this amino acid in the fasted state. 161 Rd of 

Phe involves either incorporation into muscle as protein synthesis or hydroxylation to 

Tyr. If the rate of hydroxylation to Tyr is known, then the rate of whole body protein 
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synthesis (WbPS) can be determined by subtracting it from Rd.161 The net balance of 

protein metabolism, or net protein balance, is calculated by subtracting WbPB from 

WbPS. Net protein balance can be plotted as the dependent variable against protein intake 

to describe anabolic threshold (the protein intake where net protein balance = 0, or WbPB 

= WbPS) and anabolic capacity (the slope of this plot; see Figure 4.2).      

Figure 4.2: Anabolic Threshold and Anabolic Capacity169      

  
Researchers have designed stepwise feeding protocols to gradually increase 

protein intake in order to determine anabolic capacity and anabolic threshold.168,169 Items 

that must remain consistent throughout the stepwise feeding protocol to accurately 

determine whole body protein kinetics include the amino acid profile; the carbohydrate to 

protein ratio;163 and items that impact insulin response thus altering anabolic capacity, 

such as the proportion of branched-chain amino acids, total carbohydrate load, whether 

the enteral feeding is sipped or given in bolus, and the amount and type of fatty acids in 

the feeding.170,171 Blood sampling occurs throughout each step in the feeding protocol in 

order to provide data points for the protein intake verses net protein balance linear 

regression.  
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In addition to whole body protein kinetics, stable isotope amino acid tracers have 

been used to measure digestibility and absorption efficiency of the stomach and 

intestines.168 To determine digestibility, a standardized food is given enterally that 

contains two tracers: 15N-spirulina (in which all N is in the 15N form) is often used as the 

protein source of tracer (requiring digestion prior to absorption) as it is relatively cheap 

and commercially available, and a second tracer is given in free amino acid form, which 

does not require digestion (i.e. used to reflect absorption). Ultimately, the ratio of these 

two tracers in the original standardized food should closely match the ratio of these 

tracers in plasma, if digestion is optimal (see Table 4.1). Finally, absorption can be 

assessed by providing a continuous IV infusion (F) of a tracer as well as intermittent 

feeds of a distinct tracer of the same amino acid (typically an amino acid analogue); the 

ratio of IV to enteral tracer in plasma should closely match the ratio given, if absorption 

is optimal (see Table 4.1).  

 Ultimately, this technique is extremely promising as data on protein kinetics can 

be gathered in a single day and applied to an individual. This allows for a more detailed 

description of whole body protein kinetics to be obtained from various populations that 

would likely benefit from increased protein intake to prevent muscle catabolism. 

Extrapolations would still need to be made regarding daily protein requirements, as the 

data provide information on net protein balance over the course of the feeding protocol.  
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Chapter 5: Pre-operative sarcopenia predicts low islet cell yield following total 
pancreatectomy with islet autotransplantation (TPIAT) for chronic pancreatitis (CP)* 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*This chapter of the dissertation is submitted and under review for publication at Journal 

of Gastrointestinal Surgery. 
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Abstract 

Background and Aim: Sarcopenia defined as degenerative loss of skeletal muscle mass 

associated with aging represents an objective parameter to measure frailty and to estimate 

patients’ physiologic reserves. It is a robust predictor of post-operative complications in 

transplantation and major oncologic surgeries.  There is no data regarding the prevalence 

of sarcopenia in chronic pancreatitis or its impact on the outcome of patients undergoing 

TPIAT for CP.  We sought to estimate the prevalence of sarcopenia, its impact on post-

operative morbidity and prediction of islet yield in patients undergoing TPIAT. 

Methods: Adult patients undergoing TPIAT between 2008 to 2018 were identified from 

our prospectively maintained database and were included if they had CT within 6 months 

before TPIAT. Skeletal muscle index (SMI) was evaluated by pre-operative CT at the 

level of L3 vertebra. Sarcopenia was defined as SMI < 52.4 in males and <38.5 in 

females. Post-operative morbidity occurring within 90 days after TPIAT was graded as 

per the validated Clavien-Dindo score. Major post-surgical morbidity was defined as 

Clavien-Dindo score of IIIa or more. The yield of islets was quantified as islet 

equivalents (IEQ) and IEQ/kg recipient body weight was calculated. 

Results: 138 patients underwent TPIAT, with 46 (one third) being classified as having 

pre-operative sarcopenia based on CT. No significant differences were observed in the 

incidence of any major surgical complications, length of hospital stay [median (range in 

days) 11 (9-16) vs. 12 (10-17); p=0.6] and 30-day readmission rate [7 (15.2%) vs, 2 

(2.2%); p=0.5] between sarcopenic and non-sarcopenic patients. More patients with 

sarcopenia needed to be discharged to residential rehabilitation facility compared with 

non-sarcopenic patients [7(15.2%) vs. 2 (2.2%)], p=0.007]. Sarcopenia [OR 7.4 (95% CI 
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1.32-41.24); p= 0.023] and presence of calcification [OR 5.5 (95% CI 0.94-32.19); p= 

0.05] were independent predictors of low islet yield (<2500 IEQ/kg) on multivariate 

analysis. 

Conclusion: Sarcopenia is frequent in CP patients undergoing TPIAT, but not readily 

recognized by standard anthropometric measurement. Sarcopenia was associated with 

increased chance of discharge to a residential rehabilitation facility and with a poor islet 

yield during TPIAT. It is therefore critical to optimize nutrition prior to TPIAT surgery in 

CP patients. 
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Background and Aims 

Chronic pancreatitis (CP) is a pathologic fibro-inflammatory disease which results 

in irreversible damage to the pancreas culminating in maldigestion and malabsorption of 

nutrients leading to weight loss, muscle depletion, reduced functional capacity and 

micronutrient deficiency.172,173 When CP results in severe pain and disability which is 

refractory to medical and endoscopic management, total pancreatectomy with islet 

autotransplantation (TPIAT) may be considered.174 Although TPIAT has become safer 

since inception, post-operative complications such as infections, bleeding, anastomotic 

leaks, fistulae, and hernias do occur, necessitating increased length of hospital stay or 

readmission thereby contributing to morbidity. Transplanted islet cell mass is the most 

consistent predictor of short-term and long-term islet graft function and insulin 

independence.175–177  Since the ultimate goal of TPIAT is to mitigate pain and preserve 

insulin independence at the same time, it is crucial to achieve a high islet cell yield. 

While prior pancreatic surgery, impaired glycemic control before surgery, and longer 

duration of disease are all established risk factors for lower islet yield, it is imperative to 

identify other potential markers for diabetes risk after TPIAT.178 

 Sarcopenia defined as degenerative loss of skeletal muscle mass associated with 

aging represents an objective parameter to measure frailty and to estimate patients’ 

physiologic reserves.136 In CP with progressive irreversible destruction of healthy 

pancreatic tissue, there is gradual loss of exocrine and endocrine function resulting in 

malabsorption and undernutrition.179 Besides maldigestion and malabsorption, poor 

dietary intake (due to intractable abdominal pain and fear of exacerbating pain) and 

concomitant alcohol abuse in some patients further renders those with CP particularly 
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susceptible for undernutrition, muscle depletion and fat-soluble vitamin deficiency.179–181 

However, nutritional assessment and management in chronic pancreatitis remains 

problematic and understudied. In fact, it was recognized as an important research gap by 

the NIDDK sponsored workshop on TPIAT research opportunities.178 

A recent international consensus statement regarding nutritional support for 

pancreatic surgery in pancreatic cancer established sarcopenia to be a key determinant of 

short-term and long-term outcomes with long-term mortality consistently poor in patients 

with sarcopenia.182 Depletion of skeletal muscle has been particularly been identified as 

an independent predictor of clinically relevant postoperative pancreatic fistula (POPF), 

increased duration of hospital stay, and discharge to a nonhome facility or “skilled 

nursing/rehabilitation facility” following resection procedures for pancreatic cancer.182 

Whether sarcopenia similarly increases risk for morbidity after pancreatic resection for 

chronic pancreatitis has never been studied. Although there are several modalities to 

assess sarcopenia, the CT imaging-based muscularity assessment is an established 

objective tool to estimate muscle mass depletion. CT imaging is routinely available in all 

CP patients and without incremental cost or undue exposure to ionizing radiation relevant 

assessment of sarcopenia can be made. The impact of pre-operative sarcopenia and 

sarcopenic obesity on outcomes in patients undergoing TPIAT has yet to be investigated. 

The aims of this study were to estimate the prevalence of sarcopenia before 

surgery in CP patients undergoing TPIAT, to determine risk factors associated with 

sarcopenia, and to assess its impact on the post-operative morbidity and prediction of islet 

yield in patients undergoing TPIAT. 



 58  

Methods 

Study cohort and data acquisition 

 All adult patients (≥ 18 years old) undergoing TPIAT between 2008 and 2018 

were identified from our prospectively maintained database and were considered if they 

had a CT scan 6 months before TPIAT. Standard demographic and clinicopathologic data 

were collected including data on age, sex, comorbidities, American Society of 

Anesthesiologists (ASA) grade, pre-operative body mass index (BMI), diabetes mellitus, 

duration of narcotic usage, history of previous pancreatic surgery (Whipple, Frey, 

Puestow and distal pancreatectomy) and ERCP. This study was approved by University 

of Minnesota Institutional Review Board. 

TPIAT procedure 

Our surgical technique has been previously described.175,176 Briefly, the entire 

pancreas was resected with splenectomy and partial duodenectomy, with care to preserve 

blood flow to the pancreas for as long as possible to reduce warm ischemia time. 

Gastrointestinal continuity was restored by duodenoduodenostomy and 

choledochoduodenostomy in early cases, or later with Roux-en-Y duodenojejunostomy 

and choledochojejunostomy. Islet preparation involves intraductal injection of 

collagenase solution under pressure to disrupt the exocrine pancreas (islets are spared) 

and digestion at 370C in a (Ricordi) chamber (Biorep Technologies, Miami Lakes, Fla) to 

mechanically facilitate dispersion and free the islets. After digestion, islet infusion into 

the portal vein over a 15-60-minute period is performed and if the portal venous pressure 

reaches 25-30 cm water, the infusion is stopped, and the remaining is placed in the 
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peritoneal cavity. All patients are placed on a heparin drip or enoxaparin postoperatively 

to prevent portal venous thrombosis. 

Preoperative anthropometric measurements 

CT images were processed using Slice-O-Matic version 5.0 software 

(Tomovision, Montreal, Canada) to determine total abdominal muscle area (TAMA, cm2 

/m2), visceral fat area (VFA, cm2), and subcutaneous fat area (SFA, cm2), as described in 

previous publications. Two consecutive axial CT images extending upwards from the 

level of the third lumbar vertebra (L3), where both transverse processes were clearly 

visible, were processed for each patient and then averaged. The muscle cross-sectional 

area at this level is used since it corresponds to the whole-body muscle mass and has been 

extensively validated.183 In this section, the areas of the psoas, paraspinal, and abdominal 

wall (including rectus abdominis, transverse abdominis, and internal and external 

oblique) muscles at L3 were outlined. Specific tissue demarcation using predefined 

Hounsfield unit (HU) thresholds was performed by Slice-O-Matic version 5.0 software 

(Tomovision, Montreal, Canada). Tissue boundaries were corrected manually as needed. 

Cross sectional areas were computed automatically by summing tissue pixels and 

multiplying by pixel surface area. Total abdominal muscle area (TAMA) (cm2) including 

paraspinal and abdominal wall muscles was identified and quantified by thresholds of 

−29 to +150 HU. Cross-sectional TAMA was normalized with respect to stature and 

reported as cm2/m2. Visceral fat (VFA) and subcutaneous fat (SFA)were demarcated 

using attenuation thresholds of −150 to −50 HU and −190 to −30 HU respectively. 

Sarcopenia was defined using predetermined sex-specific TAMA standardized to 

height in meters squared cut-off values: 52.4 cm2/m2 for men and 38.5 cm2/m2 for 
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women.184 The VFA/TAMA ratio was calculated for all patients. The cut-off value of 

VFA/TAMA ratio for diagnosing sarcopenic obesity was 3.2, according to Pecorelli et al 

results.185 

Outcome measures 

 Postoperative complications within 30 days after TPIAT or during admission, 

whichever was longer,  were graded according to Clavien-Dindo classification,186 which 

was validated in pancreatic surgery.187 Complications requiring surgical, endoscopic or 

radiological intervention, or requiring intensive care, or causing death were considered as 

major (grade III–V).186 Other outcomes included initial length of hospital stay after 

TPIAT and 30-day readmission rate. There is considerable variability in the islet yield in 

patients following TPIAT and there is no consensus for isolation success. Prior studies 

have established that 5000 islets equivalents per kilogram of body weight (IEQ/kg), 

which corresponds to an islet yield (IEQ) of 350,000 in an average patient weighing 70 

kg were associated with higher rate of insulin independence following TPIAT175,188 a 

proportional decrease of insulin independence as the islet equivalents decreased and was 

lowest in patients with an islet yield of <2500 IEQ/kg. Based on this information, patients 

were categorized based on an islet dose of <2500 IEQ/kg, 2500 to 5000 IEQ/kg, and 

>5000 IEQ/kg for this study.  

Statistical analysis 

Categorical variables were assessed using frequencies and proportions and 

continuous variables were reported using median and interquartile range (IQR). 

Demographic and clinical characteristics and post-operative outcomes (such as post-

surgical complications, length of stay, 30-day readmission rate) by sarcopenia status were 
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compared and significance was assessed using Chi-square test, Fisher exact test or 

Wilcox signed rank test where appropriate. All variables with a P ≤0.2 on univariate 

analysis were included in the final multivariate logistic regression model for evaluating 

the independent predictors of sarcopenia. IEQ/kg was also assessed using the covariates 

age, sex, history of alcohol abuse, history of tobacco abuse, history of familial 

pancreatitis (known PRSS1), other documented gene mutations (SPINK1 and CFTR), 

pre-operative BMI, presence of calcification duration of disease, prior surgery and prior 

ERCP. Variates with a P-value of ≤0.2 on univariate analysis were included in the final 

multivariate logistic regression model for evaluating independent predictors of low islet 

yield (<2500 IEQ/kg).  For all analysis, we used SAS/STAT version 9.3 of the SAS 

System for Windows (SAS Institute, Inc, Cary, NC). 

Results 

Patient demographics 

The demographic characteristics of the 136 patients included in the study are 

shown in Table 5.1. The average patient age in this study population was 38 years. The 

majority were females [n=99 (72%)] with a median duration of disease being 66 months 

(range 27 to 143 months). Half of the patients (n=69) had history of smoking and 38 

(28%) had known history of alcohol intake. 

Prevalence of sarcopenia and association with BMI 

Forty six of the 138 patients had sarcopenia, which corresponds to a prevalence of 

33%. The mean BMI was decreased in patients with sarcopenia compared with their non-

sarcopenic counterparts [23.1 (21.3-26.0) vs. 27.3 (22.9 -31.7), p<0.05]. However, 35% 

of sarcopenic patients had a BMI in the overweight or obese range. Males were at 
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increased risk of sarcopenia on multivariate analysis [OR 4.47 (95%CI 1.77- 11.31), 

p=0.002] 

Impact of sarcopenia on post-operative complications 

Table 5.2 summarizes the incidence of post-operative surgical complications in 

the sarcopenic and non-sarcopenic CP patients undergoing TPIAT. No inpatient mortality 

was observed in the entire cohort of patients. Several related and overlapping 

complications were estimated separately. Overall 13 (9.4%) of patients developed 

Clavien Dindo grade III or worse complications. No significant differences were 

observed in the incidence of any individual complications such as surgical site infections, 

intra-abdominal abscess, fistula, pancreatic duct leak between sarcopenic and non-

sarcopenic patients. Length of hospital stay [median (range in days) 11 (9-16) vs. 12 (10-

17); p=0.6] and number of patients needing 30-day readmission [7 (15.2%) vs, 2 (2.2%); 

p=0.5] did not differ between sarcopenic and non-sarcopenic patients. More patients with 

sarcopenia needed to be discharged to residential rehabilitation facility compared with 

non-sarcopenic patients [7(15.2%) vs. 2 (2.2%)], p=0.007]. 

Impact of sarcopenia on islet yield 

 The outcome variable (IEQ/kg) was categorized as low (<2500 IEQ/kg), moderate 

(2500-5000 IEQ/kg), or high (>5000 IEQ/kg) as described in the methods section. 

Univariate analysis (Table 5.3) showed that sarcopenia, VFA, VFA/TAMA, duration of 

chronic pancreatitis, presence of calcification was associated with reduced islet yield 

(<2500 IEQ/kg). On multivariate analysis (Table 5.4), the variables that appeared to be 

independently associated with reduced islet yield were sarcopenia [OR 7.4 (95% CI 1.32-

41.24); p= 0.023] and presence of calcification [OR 5.5 (95% CI 0.94-32.19); p= 0.05]. 
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There was a non-statistically significant trend toward reduced islet cell yield associated 

with prior pancreatic surgery [OR 4.46 (95% CI 0.44 -45.34), p=0.21] and patients with 

familial pancreatitis with known genetic mutations [OR 1.23 (95% CI 0.29- 5.24), 

p=0.78]. 

Discussion 

In our study, one third of patients undergoing TPIAT for CP had pre-operative 

sarcopenia by CT-based muscularity assessment and 35% of these patients had a BMI in 

the overweight or obese range. These novel findings highlight the high frequency of 

malnutrition in this population, even in those patients who would appear grossly well 

nourished if assessed by BMI. Pre-operative sarcopenia was associated with increased 

need for post-operative rehabilitation following TPIAT and poor islet yield. 

To the best of our knowledge, this was the first published study evaluating the 

prevalence of sarcopenia in CP undergoing TPIAT. The University of Virginia has 

reported a trend towards increased surgical complications (not statistically significant) in 

a preliminary study of 34 patients undergoing TPIAT at their institution, but the overall 

prevalence of sarcopenia was not reported in their study published in an abstract form. 

Previously, 15 of 29 patients (52%) with medically managed CP were characterized as 

sarcopenic based on an Irish pilot study published in abstract format which estimated 

sarcopenia using a CT based assessment of skeletal mass in CP outpatients.189 In a larger 

Japanese prospective study which defined sarcopenia as the lower quartile of skeletal 

muscle mass quantified using CT based segmentation, estimated the prevalence of 

sarcopenia to be 25%.190 A more recent Danish prospective cohort study of chronic 

pancreatitis outpatients estimated the prevalence to be 17% based on quantification of 
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muscle mass through bioelectrical impedance as well as muscle strength through hand 

grip strength test.191 Thus the prevalence estimates varies from 17% to 52% based on the 

method utilized and the heterogeneity of the population studied. A significant association 

between sarcopenia and BMI was observed in the present study. However, this was not 

absolute as 35% of sarcopenic patients had a BMI in the overweight and obese range. 

Hence a large proportion of patients would not be recognized as being sarcopenic by 

usual anthropometric parameters. These findings were consistent with the aforementioned 

Irish and Danish studies and further underlines that conventional anthropometric 

parameters do not detect sarcopenia in a significant proportion of patients.189,191 

To date, the influence of body composition on outcomes after surgery for CP has 

not been described in the literature. This study showed that sarcopenia did not seem to 

influence (major) complication rates following TPIAT. Further length of hospital stay 

and 30 day readmission rates following TPIAT were not impacted by the presence of 

sarcopenia. However, discharge to rehabilitation facility were significantly increased in 

patients with sarcopenia, possibly reflecting a greater degree of physical deconditioning 

before surgery. This is consistent with data from patients undergoing pancreatic surgery 

for cancer in which sarcopenia conveyed increased risk of discharge to skilled 

nursing/rehabilitation facility.182 On the other hand, a recent meta-analysis on surgical 

morbidity in patients undergoing pancreatic resection for cancer similarly demonstrated 

no association of pre-operative sarcopenia with specific complications such as post-

operative pancreatic fistulae, bile leak, delayed gastric emptying, surgical site infections, 

and overall morbidity.192 These findings were somewhat surprising, as one might have 

anticipated sarcopenia to be associated with increase in overall morbidity or the risk of 
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major complications. In contrast to cancer patients, the average age of our cohort was 

only 38 years. The impact of sarcopenia may be a function of underlying patient 

population and the surgery. The interplay of frailty, sarcopenia and outcomes is 

undoubtedly complex and merits further investigation. 

TPIAT to mitigate the debilitating pain of chronic pancreatitis and recurrent acute 

pancreatitis is currently gaining traction and it is crucial that we refine the patient 

selection and identify opportune timing for the procedure to optimize the outcomes. 

While risk of post-surgical diabetes does not necessarily preclude TPIAT candidacy, 

patient and providers immensely benefit from an accurate assessment of post TPIAT 

diabetes risk. In this study, pre-operative sarcopenia and presence of calcifications were 

the only independent predictors of low islet yield. The mechanisms for sarcopenia 

leading to low islet yield is not clearly known, potential explanations include altered 

glucose disposal due to low muscle mass, and also increased localized inflammation, 

which can arise through inter- and intramuscular adipose tissue accumulation.193 Further 

studies are mandated to better elucidate the skeletal muscle-pancreas cross talk which is 

known to mediate insulin secretion. Alternatively, sarcopenia may represent more 

severely advanced disease with greater malnutrition due to pancreatic exocrine 

insufficiency and reduced oral intake. Prior studies on pancreatic injury in CP suggests a 

parallel decline if endocrine and exocrine function, so it is feasible that those with more 

severe exocrine compromise would also have more underlying islet damage.194–196 

CT imaging-based muscularity assessment is a simple, easy to interpret, objective 

and reproducible measure to assess sarcopenia and is widely available in CP patients as 

part of routine clinical care for pancreatitis. Without incremental cost or additional 
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exposure to radiation, relevant assessment of sarcopenia can be made proactively in most 

CP patients undergoing TPIAT. While future studies are needed to determine if 

improving muscle mass would translate into lower risk for postoperative rehabilitation or 

poor islet yield, sarcopenic patients could potentially be optimized in the preoperative 

setting through multimodal rehabilitation strategies that involves optimization of 

coexisting chronic disease therapy, physical function, nutritional and psychological 

status, besides exercise regimen followed by effective peri-operative nutritional support. 

 Our study has several limitations which need to be acknowledged. First, its 

retrospective cohort design precluded further assessment of potentially useful measures 

of functional capacity and frailty parameters such as grip strength, walking speed or 

levels of exhaustion. Second, perioperative management and surgical technique have 

definitely evolved during the 10-year period which could have affected the outcomes in 

sarcopenic and non-sarcopenic patients. Larger multicenter, prospectively designed 

studies are warranted to determine the true impact of sarcopenia on islet yield following 

TPIAT. Given the universal availability of pre-operative cross-sectional imaging and the 

increasing popularity of TPIAT, we believe such an endeavor is worthwhile. 

 To conclude, our single center study suggests that sarcopenia is frequent in CP 

patients undergoing TPIAT, but not readily recognized by standard anthropometric 

measurement. Sarcopenia was associated with increased chance of discharge to a 

residential rehabilitation facility and with a poor islet yield during TPIAT. Pre-operative 

assessment of sarcopenia may be an important independent tool to aid in clinical decision 

making and assist in risk stratification of patients undergoing TPIAT. 
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Table 5.1: Baseline Demographic and Clinical Characteristics of the Study Cohort 

Study characteristics Sarcopenia 
(N=46) 

Non-sarcopenic 
(N=138) 

P-value 

Age [in years, median (IQR)]  40 (31-51) 37 (29-47) 0.33 

Females 25 (54.3%) 74 (80.4%) 0.001 

Smoking (past/ current) 24 (52.2%) 45 (48.9%) 0.72 

Alcohol (past/ current) 11 (23.9%) 27 (29.4%) 0.5 

Hereditary (PRSS1, CFTR, 
SPINK1)  

15 (32.6%) 15 (16.3%) 0.03 

Duration of Disease [in  
months, Median (IQR)] 

66.0 (32.9-202.1) 65.5 (24.5-134.8) 0.27 

Pre- TPIAT narcotic usage 38 (82.6%) 75 (81.5%) 0.88 

Pre-TPIAT BMI, median 
(IQR) 

23.1 (21.3-26.0) 27.3 (22.9-31.7) 0.01 

Pre-TPIAT diabetes mellitus 6 (13%) 4 (4.4%) 0.08 

Previous pancreatic surgery 8 (17.4%) 9(9.8%) 0.2 
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Table 5.2: Impact of Sarcopenia on Post-Operative Outcomes 

 
All patients 

(N=138) 
Sarcopenia 

(N=46) 
Non-sarcopenia 

(N=92) 
P-

value 

 
N% N% N% 

 

Surgical site 
infection 

15 (10.9) 3 (6.5) 12 (13.0) 0.385 

Intra-abdominal 
Abscess 

18 (13.0) 4 (8.70) 14 (15.2) 0.36 

Fistula 6 (4.3) 2 (4.4) 4 (4.4) 1.00 

Pancreatic Duct 
Leak 

5 (3.6) 0 5 (5.4) 0.17 

Clavien Dindo  
(Grade III or greater) 

13 (9.4) 3(6.5) 10 (10.9) 0.544 

Length of hospital 
stay, median (IQR) 

12(10-17) 11(9-16) 12(10-17) 0.581 

Discharge to rehab  9 (6.5) 7 (15.2) 2 (2.2) 0.007 

In hospital deaths 0 - - - 

30-day readmissions 
  

25 (18.1) 7 (15.2) 18 (19.6) 0.532 
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Table 5.3: Univariate Analysis for Islet Yield 

Characteristic 
  

IEQ/kg <2500 
(n=52) 

Median (IQR) 
N(%) 

IEQ/kg≥ 2500-5000 
(n=56) 

Median (IQR) 
N(%) 

IEQ/kg ≥ 5000 
(n=30) 

Median (IQR) 
N(%) 

P-
value 

Age 39.5(29-47.5) 37.5(31-47) 37.5(28-47) 
 

Sex (Female) 38(73%) 37(66%) 24(80%) 0.12 

Albumin 3.0(2.4-3.4) 3.2(2.7-3.8) 3.2(2.5-3.8) 0.42 

BMI 25.1(22.2-30.1) 27.0(22-31.7) 24.3(22.0-28.2) 0.08 

Total abdominal 
muscle area 
(TAMA) 

124.1(99.7-150.7) 130.6(117.6-156.8) 113.8(109.2-138.3) 0.19 

Visceral fat area 
(VFA) 

70.4(42.2-149.4) 108.9(41.3-190.4) 159.1(95.1-244.8) 0.02 

VFA/TAMA 0.6(0.4-1.0) 0.8(0.3-1.2) 0.5(0.2-0.9) 0.03 

Subcutaneous fat 
area (SFA) 

171.29124-302) 229.4(123.7-325.8) 159.1(95.1-244.8) 0.05 

Sarcopenia 26(50) 13(23.2) 7(23.3) 0.02 

Duration of CP 
(months) 

100.7(38.1-237.7) 73.3(31.8-133.4) 30.9(14.5-65.) 0.005 

Prior pancreatic 
surgery 

9(17.3%) 7(12.5%) 1(3.3%) 0.09 

Prior ERCP 42(80.8%) 46(82.1%) 29(96.7) 0.07 

Smoking 
(past/current) 

29(55.8%) 27(48.2%) 13(43.3%) 0.28 

Alcohol 
(past/current) 

14(26.9%) 18(32.1%) 6(20%) 0.48 

H/o familial 
pancreatitis 

17(32.7) 8(14.3%) 5(16.7%) 0.12 

Presence of 
calcification 

20(38.5%) 15(26.8%) 2(6.7%) 0.006 
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Table 5.4: Independent Predictors of Islet Yield (IEQ/kg <2500) 

Predictor Odds 
ratio 

95% CI P-value 
Lower Higher 

Male 0.51 0.03 7.77 0.63 
BMI 1.12 0.87 1.44 0.38 
TAMA 1.00 0.95 1.05 0.85 
VFA/TAMA 1.02 0.98 1.05 0.43 
SFA 1.00 0.99 1.101 0.66 
Sarcopenia 7.37 1.32 41.24 0.02 
Duration of CP (months) 1.00 1.00 1.00 0.66 
Prior pancreatic surgery 4.46 0.44 45.34 0.21 
Prior ERCP 0.28 0.02 4.5 0.37 
H/o familial pancreatitis 1.23 0.29 5.24 0.78 
Calcific CP       5.5 0.94 32.19 0.05 

*Factors with p-value <0.2 in the univariate analysis were included in the 
multivariate logistic regression analysis. 
IEQ/kg ≥ 2500 was used as a reference category. 
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Figure 5.1: Association of Sarcopenia with BMI 
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Chapter 6: Utility of pectoralis muscle analysis using computed tomography scans at the 
aortic arch to predict outcomes in heart transplant patients* 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*This chapter is a manuscript in progress with the intention for future publication.  
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Introduction 

 Researchers have referred to the increasing global prevalence of heart failure (HF) 

as an epidemic.197,198 Within the United States, hospitalizations due to HF tripled from 

1979 to 2004,197,199 and because HF is disproportionately diagnosed in patients 70 years 

of age or older, prevalence is expected to increase with an increasingly aging 

population.142 Fortunately, advancements in medical therapy have improved clinical 

outcomes and quality of life for patients with HF,197 but for those with end-stage HF who 

have persistent, severe symptoms despite exhaustive medical therapy, heart transplant 

(HT) is preferred.200 Unfortunately, the number of patients listed for HT vastly outweighs 

available donors, leaving many with limited treatment options.201 This disparity 

necessitates improvements in donor organ allocation, which requires investigation into 

additional factors contributing to HT success.    

 Muscle wasting is known to adversely impact clinical outcomes for patients with 

HF and worsens with disease severity.140,202 Many terms with overlapping diagnoses are 

used to describe muscle wasting throughout the literature, including sarcopenia and 

cachexia. Sarcopenia specifically refers to loss of muscle mass and function  emphasizing 

loss of strength.133 Cachexia may be more specific to HF as it refers to unintentional 

wasting of muscle, adipose, and/or bone associated with an underlying inflammatory 

etiology.203 In order to aid in the diagnosis and treatment of cachexia, specific criteria for 

various underlying etiologies have been released, and cardiac cachexia is defined solely 

by unintentional weight loss of ³6% in the previous 6 to 12 months.142 Unfortunately, it 

is known that muscle loss precludes overt weight loss,204 skeletal muscle changes are also 

reflected in cardiac muscle changes,205 and frequent fluid retention in HF may mask 
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weight loss; thus, the sole reliance on overt weight loss for the diagnosis of cardiac 

cachexia is controversial.206,207 Ultimately, improvement of muscle assessment in HF 

may improve the diagnosis and treatment of cardiac cachexia, which may ultimately 

improve best-treatment selection for individuals as well as determine patients who would 

benefit from targeted nutrition intervention.  

 A number of technologies exist that could aid in muscle assessment in clinical 

populations, and computed tomography (CT) scan analysis can provide information about 

muscle quantity and quality.3 Quantitative measures include the cross sectional area of 

muscle (CSA; cm2) indexed to height (m2)  or body surface area (BSA; m2) to provide a 

skeletal muscle index (SMI), and more recent qualitative measures include average 

Hounsfield Units (HU), which is a measurement of the differential x-ray attenuation of 

tissues. Routine pre-transplant evaluation often includes chest CTs and allows for 

analysis of the pectoralis muscles at the level of the aortic arch (AA). Recently, it was 

found that both an SMI of the right pectoralis muscle as well as the average HU of the 

right pectoralis muscle predicted mortality in HF patients undergoing left ventricular 

assist device (LVAD) placement.94 It is currently unknown whether a similar analysis 

could predict outcomes in HF patients undergoing HT; however, a recent study at the 

University of Wisconsin Hospitals and Clinics (UWHC) yielded promising results 

correlating CT measures of muscle to LOS and mortality (in press). Ultimately, more 

data from larger transplant cohorts is needed to determine the utility of muscle measures 

to aid in the selection of appropriate HT candidates.  
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Methods 

All patients who underwent a HT at the University of Minnesota Medical Center 

(UMMC) from 2005 to 2017 with available data on CT scans within 3 months prior to 

transplant and outcome measures of mortality and length of stay (LOS) were included 

(n=70). Pre-transplant non-contrast axial CT scans were analyzed for pectoralis muscle 

quantity (area; cm2) and muscle radiodensity (HU) at the AA landmark. All scans had a 

tube voltage between 100 to 140 kV. Scans were obtained and landmarked by a trained 

observer prior to segmentation and analysis. The protocol for this study was approved by 

the Institutional Review Board of the University of Minnesota. 

Muscle CT Analysis  

Muscle CSA and muscle density were measured using Slice-O-Matic V5.0 

software (Tomovision, Montreal, Canada) by a single observer blinded to patient 

outcomes. Measurement time was approximately 5-10 minutes for each AA scan. 

Measurement reliability was assessed with intraclass correlation coefficients (ICC 2,1) to 

determine the inter- and intra-rater variability. Repeat scans were measured by 2 different 

raters on 35 scans blinded to each other’s analysis. 

Muscle CSA was measured by manually shading pectoral muscle groups with 

predefined HU limits of -29 to 150. A region of interest (ROI) sampled from the right 

pectoralis major was used for easy clinical implementation from an approximate 1x1 cm 

circular region in the center of the pectoralis major muscle (Figure 6.1). If the right 

pectoralis contained artifact, the left was used instead. The pectoralis major and minor 

muscles were also obtained bilaterally to quantify muscle CSA and muscle density 

(Figure 6.2A) at the AA. Pectoral muscle CSA was further subdivided into ranges of 0 to 
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30 HU indicating low density muscle (LDM) and 31 to 100 HU indicating normal density 

muscle (NDM) to calculate their respective area (Figure 6.2B). If the scans contained 

unilateral artifact that did not appear to contaminate the entire image, the area of one side 

was doubled to estimate bilateral pectoral area. Measurements of muscle were total 

pectoral mean density, ROI mean density, LDM/BSA, total pectoral area/BSA, and 

LDM/NDM.  

Outcomes and Covariates  

All post-transplant patients are followed indefinitely. The primary outcomes of 

interest were 18-month mortality and LOS following heart transplantation. Transplant 

date, mortality date and LOS in days were obtained through 2019 from manual electronic 

medical chart review. Demographic and clinical data obtained were age, sex, body mass 

index (BMI), BSA, creatinine, albumin, dyslipidemia, and diagnosis of diabetes, 

hypertension, and malnutrition. The last biochemical value available prior to transplant 

was used for clinical data.  

Statistical Analysis  

 Baseline characteristics of all patients were compared according to low versus 

high mean pectoral muscle ROI value. We statistically compared the characteristics using 

T-tests for continuous variable whereas chi square test compared categorical values. We 

then used linear regression models to determine the association of LOS post-transplant 

with LDM/BSA, total pec area/BSA, and LDM/NDM.  

A Cox Proportional-Hazards model was performed to analyze the risk of death 

post-transplant comparing pectoral ROI muscle density and total pectoral muscle density 

continuously. All models were adjusted for age and sex as covariates. Data and residuals 
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were examined for normality, linearity, and outliers to meet assumptions of each 

statistical test, and appropriate transformations were applied, if applicable. For all 

analyses, a p-value of <0.05 was considered significant. Kaplan-Meier curves were 

constructed to examine the risk of death according to low versus high mean pectoral ROI 

muscle density. All statistics were performed R version 3.5, and graphs were created with 

GraphPad Prism 8.  

Results 

Clinical Characteristics and Measurement Variability 

Baseline characteristics are separated at the mean pectoral ROI density into high 

(>38.0) and low (<38.0) ROI density groups in Table 6.1. There was no difference in age 

between subjects with higher or lower density pectoral ROIs. A higher percentage of the 

low pectoral density group was female (60%) compared to the high density group (19%). 

There was a significant difference in height between the two groups, but other 

anthropomorphic measures of weight, BSA, and BMI did not differ. For serum measures, 

creatinine was lower in the low density group and albumin was not different between 

groups. The diagnosis of diabetes, dyslipidemia, and hypertension did not differ between 

groups. Imaging parameters of ROI density, pectoral density, and NDM differed between 

groups, however, LDM area did not.  

Variability in muscle CT measurements had been examined in a previous study 

between and within raters. Inter-rater correlation coefficients for all muscle measures 

ranged from 0.97 to 0.99 (p<0.0001). Intra-rater correlation coefficients for all measures 

ranged from 0.95 to 0.99 (p<0.0001). 
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Pectoral Muscle ROI Density and Survival 

 A total of 60 patients had available pectoral muscle measures, with 32 in the high 

density group and 28 in the low density group. There were a total of 9 deaths within 18 

months, 2 of which were in the high density group (93.75% survival) and 7 in the low 

density group (75% survival). Kaplan-Meier survival curve analysis show a statistically 

significant difference between non-adjusted 18-month survival in high and low density 

groups (p=0.05, Figure 6.3).  

A Cox Proportional Hazards model was used to evaluate ROI density in a 

continuous fashion, as was previously done. However, this was not found to be 

significant in this UMMC cohort, both when adjusting for age and sex (HR=0.978, 

p=0.75) and with ROI as a single variable (HR=0.972, p=0.35). Total pectoral density 

and area were also not found to have a statistically significant association with survival. 

Pectoral Muscle Measures and LOS 

 Muscle measures were analyzed for association with hospital LOS using a linear 

regression model adjusted for age and sex. Measures evaluated were LDM (indexed for 

BSA), LDM/NDM, ROI density, and total muscle density. No statistically significant 

relationships between muscle measures and LOS were found. 

Discussion 

The goal of this study was to evaluate whether CT muscle measures of interest 

used in our previous UWHC HT population were able to similarly predict outcomes in 

this UMMC HT cohort. This study evaluated muscle measures found to be significant in 

our previous study, including pectoral ROI and LDM/BSA and LDM/NDM. We also 

examined pectoral density and pectoral area in relation to survival and LOS, as others 
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have found these to be prognostic of survival in LVAD patients–a HF population similar 

to HT patients. This study did not find any CT muscle measures to be significantly 

associated with survival or LOS in a continuous model. However, evaluation of the 

Kaplan-Meier curve demonstrates a significant difference between unadjusted ROI 

density groups divided at the mean. This survival curve resembles that of our group’s 

previous work at UWHC. 

CT scans are obtained in many patient populations, and abdominal scans in 

particular have shown to be associated with adverse outcomes.208,24 However, as is often 

the case in HF, in our population only 33% of patients with CT scans had available 

abdominal images. Therefore, we evaluated pectoralis muscle measures in the chest that 

were landmarked at the AA as in previous research.94 Muscle measures from chest CTs 

have proven useful for predicting mortality in HF patients with LVADs as well as 

patients undergoing HT (in press).94  

We have previously found that patients having more pectoral LDM/BSA (i.e. 

indexed muscle area with HU from 0 – 30), and more LDM relative to NDM 

(NDM:LDM ratio), had a decreased LOS, suggesting a potentially protective effect of 

LDM (in press). However, LDM has higher intramuscular lipid than NDM, and in other 

populations it is inversely associated with insulin sensitivity. Additionally, during weight 

loss, LDM is lost prior to NDM. 209,210,211,212 At this point, it is unclear if LDM is a 

protective or detrimental tissue depot in HF; as HF is a disease with distinct changes to 

skeletal and cardiac muscle, LDM may impact this population differently than other 

patient populations. 
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 Progression of HF is typically accompanied by a shift from type I to type II 

muscle fibers, opposite from most other pathological conditions.213,214 The high lipid 

characteristic of type I muscle fibers may lower its density, giving biologic plausibility to 

type I fibers being represented in CT as LDM, though this is yet to be confirmed. 

Therefore, a patient who has increased LDM prior to transplant may have more type I 

fibers, be in a less severe stage of HF or cardiac cachexia, and have improved outcomes 

following transplant. This is consistent with our previous finding that increased LDM 

prior to transplant is associated with shorter LOS, but was not found in this study (in 

press).  

Population Comparisons to UWHC Study 

There are several differences that may explain the discrepancy of results between 

this study at UMMC and the previous study at UWHC. Our previous UWHC HT study 

had 189 subjects and 21 deaths within 1 year of transplant, compared to the UMMC 

cohort which had a smaller sample size of 70 subjects and 9 deaths within 18-months of 

transplant (length of survival was extended in analysis of the UMMC cohort to capture 

more data points). The total number of participants in the UMMC study was partially 

limited by the tighter selection criteria; the UWHC cohort utilized all scans regardless of 

time prior to transplant and additionally analyzed a subset that were within 6 months of 

transplant (n=103), both of which held significance in CT measures of interest. In 

contrast, the UMMC cohort only included patients that had CT scans within 3 months 

prior to transplant. Additionally, differences in the HT date may have influenced the 

results, which ranged from 2005 to 2017 for the UMMC cohort and 1999 to 2018 for the 

UWHC cohort.  
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 There are also a few notable differences in baseline characteristics between 

cohorts when evaluating patients by ROI density, as seen in Table 1. Creatinine values 

were statistically different between groups in the UMMC cohort, whereas they were not 

in the UWHC cohort. Creatinine may be affected by muscularity, diet, or disease, so this 

finding may reflect a difference in patient populations that might affect the muscle 

measures of this study. In addition, when examining other CT muscle measures between 

ROI density groups, we would expect those to also differ since we are stratifying by a 

muscle measure. This was true in the UWHC cohort, but in the UMMC cohort there was 

no statistically significant difference in LDM between groups, suggesting that this tissue 

depot may be differently affected in our cohorts, potentially affecting measures that 

include LDM. 

In our previous study, the lower density ROI group had higher LDM than the high 

density ROI group. This implies that the ROI density is lowered by increased LDM, 

which signifies increased infiltration of adipose tissue within muscle. Unusually, this was 

not true for the current study, as the lower density ROI group did not have higher LDM. 

This suggests that the UMMC population had different muscle composition than the 

UWHC cohort, potentially suggesting differences in disease severity modifying muscle 

attributes between groups. This requires further exploration, as it is currently unknown 

how whether LDM can be used to categorize disease severity.  

Limitations 

There are several limitations which must be acknowledged in this study. Due to 

its retrospective nature, this study was unable to infer causality or prospectively evaluate 

changes in muscle as they relate to outcomes. Additionally, quality of life and functional 
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status variables (i.e. measures of performance and hand grip strength) were not able to be 

gathered retrospectively. These measures are often not part of the standard of care due to 

the limited volition of the patient population. Furthermore, although CT has low inter-

rater variability, attenuation values are susceptible to variation in CT scanner and 

scanning protocol. 

Conclusions and Future Directions 

Conclusions 

 CT scan data can provide objective measures of muscularity that may be useful 

for predicting clinical outcomes in HT populations and may be more sensitive in the 

detection of cardiac cachexia than overt weight loss. Subjective measures of muscle 

assessment used at the bedside are insufficient, as both obesity and edema, which are 

common in HF, complicate physical assessment; additionally, edema may mask weight 

loss. Novel CT analysis of muscle groups outside the third lumbar location using 

measures of muscle quality have shown promise in predicting outcomes in HF patients 

and may be useful in determining best-treatment candidates for HT.94 Our study indicates 

that more research is needed to determine the utility of these measures in larger cohorts.  

Future Directions 

 Because it is anticipated that the discrepancies in results between the UWHC and 

UMMC cohorts are due in part to a smaller UMMC sample size, we intend to increase 

the total n by adding additional UMMC patients with available CT data that underwent a 

HT procedure from 2017-2019. We will then replicate our analysis in this larger 

population, and we hypothesize that a Cox Proportional Hazards model evaluating ROI in 

a continuous fashion will show statistical significance with survival, as was shown in the 
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UWHC cohort and is suggested by the categorical analysis of the Kaplan-Meier survival 

curve in this study. It is possible that adding additional participants will also show 

statistically significant associations between LDM and LOS, as was seen in the UWHC 

cohort. We plan to complete this analysis prior to publication of this data.  
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Table 6.1: Descriptive Muscle and Clinical Characteristics by Pectoral ROI Density 
 

All values are mean± SD (standard deviation) unless specified otherwise. 
AA, aortic arch axial computed tomography scan of pectoral muscles; BMI, body mass 
Index; Density, expressed as Hounsfield units (HU); LDM, low density muscle; NDM, 
normal density muscle; LOS, length of stay; ROI, region of interest; BSA, body surface 
area 
  

Characteristic Low pectoral 
density group 

(<38.0 HU) 
n=28 

High pectoral density 
group (>38.0 HU) 

n=32 
p-value 

(between 
groups) 

Demographics 
Age (years) 52.2 ± 12.6 56.9 ± 11.8 0.11 
Female, n (%) 17 (60.7%) 8 (19.1%) <.001 
Height, cm (± SD) 168.3 ± 12.8 174.5 ± 9.5 0.023 
Weight, kg (± SD) 78.6 ± 19.4 83.5 ± 15.1 0.27 
BMI (kg/m2) 26.9 ± 4.9 27.4 ± 4.5 0.69 
BSA (m2) 1.88 ± 0.28 2.00 ± 0.23 0.056 
Creatinine (mg/dL) 1.15 ± 0.29 1.35 ± 0.44 0.035 
Albumin (g/dL) 3.56 ± 0.63 3.81 ± 0.57 0.84 
Diabetes, n (%) 7 (25%) 14 (33%) 0.46 
Dyslipidemia, n (%) 12 (42%) 14 (33%) 0.43 
Hypertension, n (%) 10 (36%) 21 (50%) 0.25 
Imaging parameters 
Pectoral Density (HU) 24.6 ± 7.2 35.0 ± 6.8 <.001 
Pectoral ROI Density (HU) 28.9 ± 7.3 45.9 ± 5.8 <.001 
LDM Area (cm2/BSA) 4.2 ± 2.5 4.6 ± 2.2 0.49 
NDM Area (cm2/BSA) 5.4 ± 3.6 12.1 ± 4.2 <.001 



 85  

Table 6.2: Cox Proportional Hazard Model for Muscle Density to Predict Survival 

Variable Hazard Ratio p-value 

Pectoral Density 1.012 0.94 

Pectoral ROI Density 0.978 0.75 

Total Pectoral Area (cm2/BSA) 0.964 0.93 

BSA, body surface area; ROI, region of interest; Density, expressed as a measure of 
Hounsfield units (HU). All models adjusted for age and sex. 
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Table 6.3: Linear Regression Model of Muscle Density to Predict Length of Stay 

Variable ß-coefficient (days) p-value 

Pectoral Density 0.047 0.986 

Pectoral ROI Density -0.0033 0.67 

LDM Area (cm2/BSA) -0.039 0.897 

NDM:LDM -0.031 0.984 

Total Pectoral Area (cm2/BSA) -0.0026 0.99 

LDM, low density muscle; NDM, normal density muscle; BSA, body surface area; ROI, 
region of interest; Density, expressed as a measure of Hounsfield units (HU) 
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Figure 6.1: Region of Interest in the Pectoralis Major Muscle at the Aortic Arch 
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 Figure 6.2: Segmentation and Analysis of the Pectoralis Major and Minor Muscles 
at the Aortic Arch; A) Muscle Quantity (Surface Area) Between -29 to 150 HU B) 
Subdivision into LDM (Green) and NDM (Blue) 

 
 
 
 
 
 
 
 
 
 

 
HU, Hounsfield unit; LDM, low density muscle; NDM, normal density muscle 



 89  

Figure 6.3: Kaplan-Meier Survival Curves by Pectoral ROI Muscle Density 

 
HU, Hounsfield unit; ROI, region of interest 
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Chapter 7: Prospective pilot evaluation of a multi-step feeding protocol of stable isotope 
amino acid tracers to determine anabolic threshold and anabolic capacity in patients with 
head and neck cancer receiving concurrent chemoradiation therapy* 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
*This chapter is a manuscript in progress with the intention for future publication.  
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Introduction 

Head and neck cancer (HNC) is growing in the number of new cases and related 

deaths each year in conjunction with an increasingly older US population. The 5-year 

survival ranges from 33-67% depending on the site of origin, stage of malignancy, and 

etiology.215 HNC currently accounts for 4% of all new cancer cases in the US, with 

65,410 new cases and 14,620 deaths estimated for 2019.216 Most patients (60%) have 

advanced disease at primary diagnosis, necessitating often beneficial treatment modalities 

such as surgery, chemotherapy and/or radiation .217,218 Quality of life (QOL), assessed by 

the European Organization for Research and Treatment of Cancer Quality of Life 

Questionnaire-C30 with the HNC module, decreases over the course of the disease, and 

the burden of cost is high; 219–222 clearly, as the number of older adults with HNC 

continues to increase, efforts to improve QOL, outcomes, and survival are imperative.  

Due to the location of the tumor and treatment as well as the tumor-induced 

hormonal milieu, malnutrition is a significant problem in HNC that is well-known to 

impact QOL, survival, and treatment cost.77,223–225 Research indicates that up to 50% of 

HNC patients are malnourished prior to treatment.223 Loss of skeletal muscle, arguably 

the primary characteristic defining malnutrition, is particularly problematic, given its role 

as a reservoir of amino acids that aid in the immune response and tissue repair. Because 

muscle loss in HNC is associated with increased mortality, it is important to continuously 

monitor throughout the disease and its treatment.226,227 Patients with HNC may exhibit 

both sarcopenia (loss of muscle mass and function),131 and/or cachexia (disease-related, 

inflammatory process that results in loss of adipose and/or muscle and ultimate loss of 

total body weight);136 additionally, cancer cachexia has been further defined with distinct 
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weight loss criteria.137 While the definition of sarcopenia features muscle strength, loss of 

muscle mass is the strongest predictor of negative clinical outcomes in cancer 

cachexia.228 Severe malnutrition and cancer cachexia are characteristics of the classic 

clinical picture in HNC.  

It has been demonstrated that providing additional amino acids promotes 

increased protein synthesis147,148 even in highly catabolic cancer populations that are 

impacted by the inflammatory disease process, muscle disuse, and aging;159,228,229 

therefore, it is imperative to meet total energy and protein requirements in order to 

preserve lean mass to prevent and/or treat malnutrition and cachexia. To date, protein 

recommendations for healthy and clinical populations are based on nitrogen (N) balance 

studies with known shortcomings that ultimately underestimate protein requirements.4 

Additionally, no data exists that correlate protein intake within the Recommended Daily 

Allowance (RDA) of 0.8 g protein/kg body weight in healthy adults or 1.2-2 g/kg in 

cancer populations with the maintenance of lean body mass or meaningful clinical 

outcomes.5 Therefore, it is necessary to more accurately determine protein requirements 

for specific cancer populations and analyze their efficacy in the preservation of lean mass 

longitudinally.  

The analysis of whole body protein kinetics through administration of stable 

isotope amino acid tracers has been used in a small but growing number of studies in 

various populations to determine anabolic threshold and anabolic capacity and thus is a 

promising method to estimate protein requirements in clinical populations.161–166 Stable 

isotopes are naturally occurring in vivo and differ from the most common form of an 

amino acid only by atomic mass due to additional neutrons. Thus, they can be safely 
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administered via intravenous (IV) infusion and/or via the enteral route (after 

administration, termed a tracer) and incorporated into the amino acid pool, as they 

undergo metabolism identical to the standard amino acid (tracee). They can then be 

separated and quantified from a sample by gas/liquid chromatography and mass 

spectroscopy (GC/LC-MS).161 Ultimately, changes in the tracer-tracee-ratio (TTR) in a 

body pool provide information about protein synthesis (PS) and protein breakdown (PB) 

in order to determine anabolic threshold and anabolic capacity. Because phenylalanine 

(Phe) is an essential amino acid with only two fates (PS or degradation to tyrosine (Tyr)), 

it is an ideal amino acid to trace whole body protein kinetics if hydroxylation to Tyr is 

also measured. In addition to whole body protein kinetics, stable isotope amino acid 

tracers have been used to measure digestibility and absorption capacity of the stomach 

and intestines in humans.168 To determine digestibility, a standardized food is given 

enterally that contains two tracers: 15N-spirulina (in which all N is in the 15N form) is 

often used as the protein source of the tracer, which requires digestion prior to absorption, 

and a second tracer is given in free amino acid form, which does not require digestion. 

Ultimately, the ratio of these two tracers in the original standardized food should closely 

match the ratio of these tracers in plasma if digestion is optimal. Finally, absorption 

capacity can be assessed by providing a continuous IV infusion of a tracer as well as 

intermittent feeds of a distinct tracer of the same amino acid; the ratio of IV to enteral 

tracer in plasma should closely match the ratio given if absorption is optimal. For detailed 

explanation of tracer methodology and how it can be used to characterize in vivo protein 

kinetics, see the following sources.161,230  
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The goal of this project is to determine the utility and feasibility of assessing PS, 

PB, and net protein balance (PS – PB) in advanced HNC using a multi-step feeding 

protocol of the stable isotope amino acids Phe and Tyr in a clinical setting. Ultimately 

this work aims to improve nutrition interventions targeting the maintenance of lean mass 

in order to improve QOL and survival as well as reduce health care costs. We 

hypothesized that patients with HNC will have increased protein requirements to prevent 

net protein loss (a higher anabolic threshold) compared to healthy adults.  

Materials and Methods 

This prospective, observational pilot study recruited 4 healthy adults (>18 years) 

and 1 patient diagnosed with stage 2-4 HNC who received concurrent chemoradiation 

therapy (CRT) treatment at the M Health Fairview Masonic Cancer Clinic as well as 2 

patients with HNC meeting the same criteria from the Minneapolis Veterans Affairs 

Healthcare System (MVAHCS). Exclusion criteria included a diagnosed malabsorptive 

condition, severe hepatic or renal disorders, uncontrolled diabetes mellitus, current 

steroid medication use, or current pregnancy. Each healthy control was assessed at one 

time point to determine the utility of the method. The study aimed to assess patients with 

HNC at 4 time points: visit 1 (T1) occurred during the initial week of CRT (+ 1 week), 

after a central venous catheter (CVC) for administration of chemotherapy was placed (if 

needed) as well as a percutaneous endoscopic gastrostomy tube (PEG) for enteral 

feeding, if applicable; visit 2 (T2) occurred 3.5 weeks (± 1 week) after initiation of CRT; 

visit 3 (T3) occurred during the last week of CRT prior to discharge (usually 6-7 weeks 

after CRT initiation; ± 1 week); and visit 4 (T4) occurred within 3 months (± 1 month) 

post final CRT. T1 and T3 were the 2 time points that included a dual-energy X-ray 
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absorptiometry (DXA) scan and the stable isotope amino acid tracer feeding protocol 

described below. These timepoints also served as a baseline timepoint (T1) and end-of-

treatment timepoint (T3) for assessment of protein kinetics. 

T1 and T3 included the following 6-hour (t=0-6) multi-step feeding protocol of 

stable isotope amino acid tracers, which has been used previously in healthy adults 

(Figure 1).169 Following an overnight fast, a baseline blood draw for analysis of insulin, 

C-reactive protein (CRP; marker of inflammation), prealbumin, a basic metabolic panel 

(BMP), and baseline isotope enrichment prior to tracer initiation was drawn from the 

CVC port if in place or otherwise from a peripheral catheter placed in the antecubital vein 

that was heated for 10 minutes prior to the draw to mimic the heated hand technique to 

reflect arterialized sampling.231 All peripheral blood sampling in this protocol was 

proceeded by 10 minutes of heating. This site was then used as the route for the IV tracer 

primer at t=0 (270.5 µmol L-[ring-2H5]-phenylalanine and 8.6 µmol L-[13C9,15N]-

tyrosine) followed immediately by initiation of the continuous IV tracer infusion (315 

µmols/h of L-[ring-2H5 phenylalanine], 10 µmols/h L-[13C9,15N]-tyrosine, and 19.5 

µmols/h L-allo-D10-15N-isoleucine run from t=0-6); all isotopes in this study were 

provided by Cambridge Isotopic Laboratories (Woburn, MA).  

The 9 subsequent blood draws used to determine whole body protein kinetics, 

digestibility, and absorption capacity were drawn from an additional peripheral catheter 

placed in the lower arm or hand contralateral to either the CVC or the peripheral catheter 

with the continuous tracer IV. After isotopic equilibrium (Ep) had been reached in the 

fasted state for 2H5-Phe and 13C9,15N-Tyr, a stepwise increase in protein intake was 

achieved by a 2-step Boost enteral feeding by PEG if applicable or otherwise by mouth, 
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which contained L-1-13C-Phe and 15N-Phe in spirulina in order to trace enteral protein 

intake and digestibility at a carbohydrate to protein ratio of 2:1 (237 mL Boost Plus 

mixed with 52 mg L-1-13C-phenylalanine and 995 mg 15N-spirulina). The volume of 

these two feedings was given in order to incrementally increase protein intake and is 

based on previous findings by Deutz et al in healthy older adults using this same 

protocol.169 At least 0.02 g protein/kg FFM/h (0.48 g/kg FFM/day) was required to reach 

the anabolic threshold,169 and FFM was taken from the patient’s DXA results, which 

were obtained the same week (- 1 week) of the study day.  

The first protein feeding step (t=hour 2-4) provided 0.033 g protein/kg FFM/hour 

(0.8 g/kg FFM/day), and the second protein feeding step (t=hour 4-6) provided 0.083 g 

protein/kg FFM/hour (2 g/kg FFM/day). The total volume for the 2-hour time period was 

divided by 6 and given in 20-minute increments over the two-hour feeding in order to 

mimic continuous feeding. Additionally, an intermittent sip feeding of isoleucine and 

water (10 mL L-allo 13C6-isoleucine, given every 20 minutes t=hours 0-6) was given and 

used along with the IV D10,15N-isoleucine to assess absorption. Each enteral Boost 

feeding was flushed with water using the same cup or syringe to ensure the isotope 

solution was fully administered, and the primer syringe, IV infusion bag, and each cup or 

syringe of enteral isoleucine and water were weighed before and after administration. 

Additional blood samples for protein kinetics were taken via peripheral catheter in 20 

minute intervals over the last hour of each step (t=80, 100, and 120 minutes for fasted 

kinetics, t=200, 220, and 240 minutes for protein step 1 feeding, and t=320, 340, and 360 

minutes for protein step 2 feeding; see Figure 7.1). Samples were immediately placed on 

ice and centrifuged at 4 °C for 10 minutes at 4000g, transferred into a microcentrifuge 
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tube containing trichloroacetic acid for stabilization, and stored in a -80 °C freezer within 

1.5 hours of collection. They were then shipped on dry ice to the Deutz Lab at Texas 

A&M University for processing (LC-MS for separation and analysis for TTR and other 

plasma values; more information available elsewhere163).  

Statistical Analysis 

This pilot study was designed to establish the methodology for a multi-step 

feeding protocol in a clinical setting to estimate protein requirements on a g/kg basis. 

This methodology has been well established by our collaborators at Texas A&M 

University in healthy older adults, and we adapted these same techniques to measure 

anabolic threshold and capacity in individuals with HNC.169 We performed XX isotope 

studies (XX total study days) in 4 healthy subjects and XX patients with HNC. Sample 

size was selected to be large enough to permit essential comparisons, and limited by 

budget and the number of patients we expect could be recruited within 2 years at the 

MVAHCS. For descriptive statistics, means and standard deviations were computed.   

The mean value of the measures of protein kinetics at time points 80, 100, and 

120 minutes were used as the postabsorptive state and at 200, 220, 240, 320, 340, and 

360 minutes were expressed as area under the curve (AUC) over 6 hours as the 

postprandial state. Calculations were performed for the postabsorptive and postprandial 

state as shown in Table 7.1. The anabolic threshold was determined from oral Phe intake 

(which reflects protein intake) and net protein balance as calculated from whole body 

protein kinetics. Linear regression analysis, with net protein balance as the dependent 

variable and protein intake as the independent variable both on a g/kg FFM and g/kg total 

body weight, was used to identify the anabolic threshold (i.e. the point at which the 



 98  

regression line crosses the x-axis; net protein balance = 0). This was done on each study 

participant as well as for the entire sample overall. Finally, digestibility and absorption 

capacity were assessed using the calculations as shown in Table 7.1.  

Results 

 Data was collected on 4 healthy controls and 1 patient with HNC at the University 

of Minnesota in 2017 and XX patients with HNC at the MVAHCS from 2019 to 2020. 

See Table 7.2 for basic participant characteristics.  

Whole body protein metabolism 

 The results of PS, PB, net protein balance, hydroxylation of Phe to Try, and the 

rate of splanchnic extraction are shown in Table 7.3. Overall, PS appears to increase over 

each phase of the study, while PB appears to decrease. The patient with HNC seems to 

have higher PS and PB, or generally higher protein turnover, than the healthy 

participants. Net protein balance increases over each phase of the study for all 

participants. Hydroxylation to Tyr seems to increase over each study phase, while 

splanchnic extraction largely remains the same.  

Anabolic threshold and capacity 

 The anabolic threshold, or the protein intake where net protein balance = 0 and 

additional protein would result in anabolism, is depicted in Figure 7.2 and Figure 7.3, 

which both show the linear regression of protein intake verses net protein balance for 

both the healthy cohort and the patient with HNC. The independent variable for Figure 

7.2 is protein intake on a g/kg FFM basis, while the independent variable for Figure 7.3 

is protein intake on a g/kg total body weight basis. The mean anabolic threshold for the 

healthy cohort was 0.0275 g protein/kg FFM/h (r2 = 0.9589), which can be extrapolated 
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to 0.66 g protein/kg FFM/day. The anabolic threshold for the patient with HNC was 

0.0214 g protein/kg FFM/h (r2 = 0.9938), which can be extrapolated to 0.515 g protein/kg 

FFM/day (Figure 7.2). Additionally, the anabolic threshold can also be expressed as a 

mean of 0.0179 g protein/kg body weight/h (r2 = 0.9161), which can be extrapolated to 

0.429 g protein/kg body weight/day, for the healthy cohort and 0.0141 g protein/kg body 

weight/h (r2 = 0.9939), which can be extrapolated to 0.337 g protein/kg body weight/day, 

for the patient with HNC (Figure 7.3). The anabolic threshold appears to be between the 

fasted phase and Phase 1 for all participants, which provided 0.03 g protein/kg FFM/h, or 

0.8 g protein/kg FFM/day.  

 The anabolic capacity, or the relationship between the anabolic response and 

additional amino acids that essentially describes the ability to respond anabolic to 

additional protein, is depicted in Figure 7.4, which shows the linear regression of Phe 

intake vs net protein balance for both the healthy cohort (r2 = 0.9589) and the patient with 

HNC (r2 = 0.9937); the anabolic capacity is the slope of this line. The anabolic capacity 

for all healthy cohort data was 0.4569, while the anabolic capacity for the patient with 

HNC was 0.6398.  

Discussion and Future Directions 

 The results of whole body protein kinetics from this study largely reflect the 

findings of the healthy control group studied previously.169 As protein intake increased 

throughout each phase of the study, it follows that PS also increased, as more amino acids 

were available for synthesis. Additionally, as more amino acids were provided 

endogenously, it also follows that PB decreased. The combination of these changes 

throughout each phase of the study led to an increase in net protein balance.  
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 It appears that both PS and PB were higher in the patient with HNC than the 

healthy controls, aside from participant H03 (Table 7.2). It is plausible that H03 may 

have some other reason that protein turnover was increased, such as recent exercise or 

another inflammatory condition. Otherwise, it makes logical sense that the patient with 

HNC would have a higher overall protein turnover due to the elevated immune response 

associated with both HNC and CRT.  

 The anabolic threshold for our healthy cohort is higher than the healthy cohort 

studied by Deutz et al169 but is comparable to the results of N balance studies, which 

show that older adults require roughly 0.66 g protein/kg body weight/day.232 Our results 

are still somewhat unexpected, as studies using the indicator amino acid oxidation 

(IAAO) technique have shown a requirement of up to 0.96 g protein/kg body 

weight/day;233 however, this technique solely describes PS and does not take into account 

the effect of PB on net protein balance. Even more unexpected, the patient with HNC in 

this study had a lower anabolic threshold than the healthy individuals. It must be noted 

that this data is from one patient at one time point and therefore cannot be extrapolated to 

HNC as a whole, but the findings are contrary to what was hypothesized due to the high 

prevalence of muscle wasting in the HNC population. Importantly, the anabolic threshold 

does not determine the point at which protein is stored as muscle; instead, it is plausible 

that while protein is able to be synthesized at a lower protein intake than healthy controls, 

it is preferentially used for purposes other than storage in muscle tissue, such as in the gut 

or for other immune functions. More data are required to extrapolate protein kinetics in 

the HNC population to compare to healthy norms, and future studies on protein intake, 
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anabolic threshold, and measures of muscle mass are required to draw further conclusions 

on the amount of protein required to maintain lean mass in the HNC population.  

 The anabolic capacity for both the healthy cohort and the patient with HNC was 

lower than the previously studied healthy cohort, which had an anabolic capacity of 

0.9536,169 suggesting a higher anabolic resistance for all patients in this study. 

Unexpectedly, the patient with HNC had a higher anabolic capacity than the healthy 

cohort. This finding is also reflected in Table 7.3, where the net protein balance for the 

patient with HNC seemed to increase more from Phase 1 to 2 than did the net protein 

balance for the healthy individuals over these study phases. Again, this finding is 

unexpected, as it would seem that the patient with HNC would have more factors 

contributing to anabolic resistance associated with the inflammatory cascade secondary to 

the disease and treatment, but because this data is only from one patient at one time point, 

it cannot be extrapolated to HNC as a whole. Additionally, as previously stated, there 

may be processes that are not yet well-understood that allow for protein anabolism for 

purposes other than building muscle while muscle itself undergoes ongoing catabolism.  

 This study ultimately demonstrated that a multi-step feeding protocol of stable 

isotope amino acid tracers can be applied in a clinical setting to describe whole-body 

protein kinetics over a 6-hour protocol. This protocol is more feasible to implement than 

N balance studies in the clinical setting and could allow for improved understanding of 

whole-body protein kinetics for many distinct populations. This study is ongoing, and 

more data are required to extrapolate to patients with advanced HNC. If possible, 24-hour 

assessments of protein kinetics would more accurately determine daily protein 

requirement than extrapolations from a 6-hour protocol, but likely this would not be 
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feasible in this population, which frequently receives chemotherapy and radiation 

treatment. Additionally, prospective studies that include muscle assessment would build 

evidence for the utility of these recommendations for maintenance or rehabilitation of 

lean mass. Additionally, it is unclear how to apply these findings to a day that is 

ultimately made up of postabsorptive (catabolic) and postprandial (anabolic) periods; 

nevertheless, the ability to characterize whole-body protein kinetics provides important 

information to better understand protein metabolism in vivo in a number of patient 

populations where catabolism of muscle negatively affects prognosis.  
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Table 7.1: Stable Isotope Amino Acid Tracer Calculationsa 

Protein Kinetics Calculations in the Fasted State (T=0-2) 
Variable Calculation Further Explanation 
Ra PHE[2H5] F / TTR-Phe[2H5] TTR-Phe[2H5] = IV-Phe / Plasma-Phe 
Ra 
TYR[13C9,15N] 

F / TTR-Tyr[13C9,15N] TTR-Tyr[13C9,15N] = IV-Tyr / Plasma-Tyr 

WbPB Ra Phe[2H5] Phe is an essential amino acid; in the fasted 
state, it can only appear into the plasma pool 
from protein breakdown. 

Hydroxylation 
of Phe to Tyr 

(Ra Tyr[13C9,15N])(TTR [2H4]-Tyr)  
(TTR [2H5]-Phe) 

Ra Tyr[13C9,15N] = F  
TTR [2H4]-Tyr = IV-Tyr / breakdown of IV-
Phe 
TTR [2H5]-Phe = IV-Phe / Plasma-Phe 

Rd PHE[2H5] Protein Synthesis + Hydroxylation 
to Tyr 
 

Rd Phe[2H5] = Ra Phe[2H5]  

WbPS Rd Phe[2H5] – hydroxylation to Tyr  
Net Protein 
Balance 

WbPS - WbPB  

Protein Kinetics Calculations in the Fed State (T=2-6) 
Variable Calculation Further Explanation 
Ra PHE[1-13C] 
 

Oral intake of Phe[1-13C] 
TTR Phe[1-13C] 

Appearance of Phe from oral intake 

Splanchnic Phe 
Extraction 

1 – WbRa Phe[2H5]    x 
WbRa Phe[1-13C] 

Phe taken up by gut and liver during first 
past amino acid metabolism 

Exogenous Ra 
Phe 

Total Phe intake (1 – splanchnic Phe 
extraction) 

Total Phe intake = labeled and unlabeled 
Phe in oral feedings;  
Appearance of Phe in plasma from dietary 
protein 

WbPB Ra Phe[2H5] – exogenous Ra Phe  
WbPS Rd Phe[2H5]  – hydroxylation to Tyr  These calculations identical to the fasted 

state 
Net Protein 
Balance 

WbPS – WbPb   

Digestibility and Absorption 
Variable Calculation Further Explanation 
Digestibility (Plasma Phe[15N] / Phe[1-13C]) 

(Oral Phe[15N] / Phe[1-13C]) 
Ratio of labeled Phe similar in plasma as in 
oral feeding if digestion is optimal;  
15N-Phe in spirulina requires digestion, 
while 13C-Phe does not require digestion 

Absorption (Plasma Iso[15N] / Iso[13C6])  
(IV Iso[13C6] / Oral Iso[15N]) 

Ratio of labeled isoleucine via IV and oral 
route should be similar in plasma as in 
amount given if absorption is optimal 

a Adapted from Jonker 2018169 
C, carbon; F, infusion rate; H, hydrogen; IV, intravenous; N, nitrogen; PB, protein 
breakdown; Phe, phenylalanine; PS, protein synthesis; Ra, rate of appearance; Rd, rate of 
disappearance; T, time; TTR, tracer-to-tracee ratio; Tyr, tyrosine; Wb, whole body    
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Table 7.2: Participant Characteristics 

Participant 

Code 

Sex  

(M/F) 

Age  

(years) 

BMI  

(kg/m2) 

FFM  

(DXA; kg) 

H01 F 57 27.3 44.0 

H02 F 65 18.6 42.2 

H03 F 58 33.0 49.2 

H04 F 68 16.0 36.3 

HNC22 M 73 28.9 60.7 

BMI, body mass index; DXA, dual-energy X-ray absorptiometry; F, female; FFM, fat 
free mass; M, male 
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Table 7.3: Whole Body Protein Kinetics 

Study 
Phase 

Participant 
Code 

PS 
(µmol/kg 
FFM/h) 

PB 
(µmol/kg 
FFM/h) 

Net 
Protein 
Balance 
(µmol/kg 
FFM/h) 

Rate of Phe 
Hydroxylation 
(µmol/kg 
FFM/h) 

Rate of 
Splanchnic 
Extraction 

Fasted H01 48.11 52.29 -4.18 4.18  
H02 44.84 47.76 -2.91 2.91  
H03 75.89 79.93 -4.04 4.04  
H04 48.60 52.22 -3.62 3.62  
Healthy 
Mean 

54.36 58.05 -3.69 3.69  

HNC22 63.17 67.02 -3.85 3.85  
Phase 1 
(0.8 g 
protein/ 
kg 
FFM/day) 

H01 48.04 47.68 0.36 4.78 0.55 
H02 45.67 44.59 1.08 3.34 0.61 
H03 68.64 68.78 -0.13 4.83 0.59 
H04 50.15 47.62 2.54 4.34 0.43 
Healthy 
Mean 

53.13 52.17 0.96 4.32 0.55 

HNC22 58.30 55.69 2.61 3.81 0.48 
Phase 2 (2 
g protein/ 
kg 
FFM/day) 

H01 51.03 41.45 9.58 5.58 0.47 
H02 44.36 37.09 7.27 3.71 0.61 
H03 76.34 67.70 8.64 6.55 0.46 
H04 56.31 47.47 10.93 5.45 0.41 
Healthy 
Mean 

50.41 45.21 9.11 5.32 0.49 

HNC22 68.41 52.89 15.52 5.40 0.31 
FFM, fat free mass; h, hour; PB, protein breakdown; Phe, phenylalanine; PS, protein   
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Figure 7.1: Stable Isotope Multi-Step Feeding Protocol 
 

 
C, carbon; h, hour; H, hydrogen; IV, intravenous; N, nitrogen; q, every; T, time   
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Figure 7.2: Linear Regression of Protein Intake (g/kg FFM/h) verses Net Protein 
Balance for Healthy Cohort and Patient with HNC 
 

 
 
FFM, fat free mass; h, hour; HNC, head and neck cancer   
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Figure 7.3: Linear Regression of Protein Intake (g/kg body weight/h) verses Net 
Protein Balance for Healthy Cohort and Patient with HNC 
 

 
 
h, hour; HNC, head and neck cancer 
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Figure 7.4: Linear Regression of Phe intake verses Net Protein Balance for Healthy 
Cohort and Patient with HNC 
 

 
 
FFM; fat free mass; h, hour; HNC, head and neck cancer; Phe; phenylalanine 
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Chapter 8: Conclusions and Future Directions 
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 Although it is well known that muscle wasting predicts worsened clinical 

outcomes and increased cost,131,136 assessment of muscle in the hospital setting in the US 

is currently confined to subjective methods, and the protein recommendations that serve 

as the foundation for nutrition intervention to preserve muscle are based on nonspecific 

nitrogen balance studies with known shortcomings.4 Available technologies exist that 

could advance the objective assessment of muscle and provide improved protein 

recommendations for specific populations to ultimately improve medical nutrition 

intervention. This dissertation project explored several of these technologies, including 

CT imaging of several unique sites to characterize muscle status in heart failure and 

chronic pancreatitis populations, and a novel tracer protocol to describe protein kinetics 

in head and neck cancer, laying the foundation for future work in these areas.   

 In Chapter 2 of this dissertation, a review of the history of malnutrition indicates 

that it has long been known that body composition measures are of critical importance to 

its diagnosis; however, clinicians in hospital settings within the US and most of the world 

currently rely on the subjective nutrition focused physical exam technique, due to a lack 

of consensus on how to use body composition technology to diagnose muscle wasting in 

specific populations. Recent advancements have been made in the acute care setting to 

incorporate body composition technologies with specific interest in CT, US, and 

bioimpedance technologies. Research on the standardization and validation of US and 

bioimpedance as well as CT measures for specific populations is ongoing. 

 CT scan data is readily available for body composition analysis retrospectively in 

patient populations that receive CT scanning in accordance with routine care, and these 

objective variables may predict best-treatment candidates or those who would benefit 
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from nutrition intervention. As reported in Chapter 5, this dissertation project 

demonstrated that low muscularity in the classic L3 location using pre-defined sex-

specific cutoffs that were predictive of outcomes in a cancer population showed utility for 

predicting discharge to a rehabilitation facility and low islet yield in CP patients 

undergoing a TPIAT. These data also indicated that many overweight or obese patients 

had low muscularity, which might not have been evident by nutrition focused physical 

exam. Additionally, this project’s work involving CT in patients with HT revealed that 

analysis of the pectoralis muscles in the AA slice of chest CT scans in HT patients may 

predict mortality and thus better indicate appropriate candidates for transplant. 

Ultimately, available CT scan data can be used to assess muscularity and predict 

outcomes in numerous populations. 

 Medical nutrition professionals provide protein recommendations in the hospital 

in order to prevent the loss of muscle or promote its repletion, which is of known 

importance to malnutrition, sarcopenia, cachexia, and frailty, yet these recommendations 

are based on flawed nitrogen balance studies.4 Whole-body protein kinetics can be 

envisioned using stable isotope amino acid tracers in a 6-hour multi-step feeding 

protocol. Our ongoing study in patients with HNC with preliminary results reported in 

Chapter 7 of this dissertation shows that this protocol is feasible in an inpatient setting. 

More data are required, and this data collection is ongoing, to extrapolate protein 

requirements for patients with advanced HNC.  

 In summary, the clinical effectiveness of the medical nutrition professional will 

expand with advancements in the assessment of muscle and protein recommendations. 

The ability to objectively detect muscle loss, even in patients who are difficult to assess 
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physically such as those who have obesity or edema, and to more accurately track muscle 

status longitudinally will improve the diagnosis, treatment, and research behind 

conditions that involve muscle wasting. Additionally, providing improved, population-

specific protein recommendations enhance the ability of the medical nutrition 

professional to prevent or treat muscle loss and malnutrition in various disease states 

across the lifespan. Novel locations for CT analysis and new methods of muscle 

assessment using these scans as well as standardized protocols for US and bioimpedance 

that are validated against DXA and other appropriate reference techniques will provide 

objective methods for muscle assessment, and stable isotope amino acid protocols like 

the one applied in HNC in this work can be provided in the inpatient setting to 

characterize whole-body protein kinetics and better assess protein requirements in other 

clinical populations. The studies, both completed and ongoing, in support of this 

dissertation project have laid the groundwork for continuing efforts to refine clinical 

practice with regard to the assessment and treatment of clinical populations with 

malnutrition and muscle wasting, ultimately facilitating important advancements in 

practice that will positively impact prognosis and health outcomes.    
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