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ABSTRACT

Skeletal muscle is critically important, but is often overlooked, not getting the respect or
attention the tissue demands. Muscle is responsible for locomotion and physical performance,
uses large amount of energy preventing gains in fat mass, and acts as an amino acid reservoir
during trauma. Nonetheless, as individuals age, they lose muscle and to a greater extent strength.
Maintaining muscle mass and strength is paramount for preventing disability and mortality.
There are many aspects of diet that affect muscle tissue, but dietary protein directly activates
muscle protein synthesis, so is important to consider as part of a balanced diet. Research
regarding dietary protein intake has focused on the amount of protein consumed, but the quality
and distribution of dietary protein also determines the body’s anabolic response. Two different
cross-sectional studies were completed to determine the associations between dietary protein
intake and muscular performance. Dietary intake was measured using three-day food diaries.
Isokinetic dynamometry determined lower-body strength and endurance. Handgrip strength
measured upper-body strength. Dual x-ray absorptiometry evaluated lean body mass. Thirty-
second chair stand and six-meter gait speed tests determined functional ability. Self-reported age
and moderate-to-vigorous physical activty, assessed via accelerometry, were included in all
models as covariates. Increased intake of higher quality proteins from animal sources was
positively associated with lower-body strength (f + S.E.; 65.874+19.855, p =0.001), lower-body
endurance (549.944+232.478, p =0.020), and handgrip strength (0.349+0.171, p = 0.045) in the
cross-sectional sample of 91 middle-aged men (n=41) and women (n=50) when controlling for
relative energy intake and percent energy from the macronutrients. Using another sample of 192
women 18 to 79 years, achieving intakes of at 25 grams per meal was positively associated with

lean mass (1.067+0.273 kg, p<0.001) and upper-body (3.274+0.737 kg, p<0.001) and lower-
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body strength (22.858+7.918 Nm, p=0.004) controlling for relative energy intake and percent of
energy from protein. In a subgroup of this sample aged 61-79, animal-based protein intake was
related to increased lower-body strength (14.834+7.287 Nm, p=0.049) and faster gait speed (-
0.177+0.087 s, p=0.049). To benefit muscle and performance, people should strive to consume

enough high-quality protein at each meal.
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1. INTRODUCTION
Skeletal muscle mass comprises 40 to 50% of bodyweight*® and is, of course, essential
for locomotion and muscle strength. Skeletal muscle, though, is more than the tissue that moves

us and the objects around us. It contains approximately 45% of the human body’s total protein

t40 941,42

content™ and acts as an “amino acid reservoir catabolizing itself to provide amino acids or
energy to other tissues after traumatic injuries or infections*’ or during periods of negative
energy balance.** Naturally then, sarcopenia, a condition characterized by reduced muscle mass
and strength, is related to both an increased risk of all-cause mortality (odds ratio (OR) [95%
confidence interval (CI)]: 3.596 [2.96, 4.37]) and disability (OR [95% CI]: 3.03 [1.80, 5.12].%
Increasing or maintaining muscle mass and strength is important throughout the lifespan, as is
indicated by both experts®’ and the United States Department of Agriculture (USDA),* yet
muscle mass and strength decline as individuals age.’
1.1. Statement of the Problem

1.1.1. Echogenicity and Specific Force

There is no agreed upon definition of muscle quality, yet the measurement of muscle
quality by researchers investigating sarcopenia is advocated for by experts.>” Echogenicity?! and
specific force*’ are both considered measures of muscle quality, yet they have been infrequently
compared to one another.?%*34’ The association between these two distinct methodologies to
determine muscle quality warrants further investigation and may help establish a definition of
muscle quality.
1.1.2. Protein Distribution and Muscle Strength, Quantity, and Quality

The link between the evenness of protein intake distribution and muscle mass is well

established, but the relationship between the evenness of protein intake distribution and strength



and physical performance is more tenuous.’® Achieving at least 0.24 g of protein per kg per meal
or at least 25 grams of protein at each meal should be related to muscle strength and physical
performance when controlling for other dietary variables like relative energy intake and the
intakes of the macronutrients in addition to other covariates such as age, sex, and physical
activity in adults.
1.1.3. Protein Quality and Muscle Strength, Quantity, and Quality

Proteins from animal sources (i.e., animal-based proteins) have better protein quality!->2
and are thought to stimulate muscle protein synthesis to a greater extent than lower quality plant-
based proteins.>*>* Therefore, animal-based protein intake should contribute to muscle quantity,
strength, and performance to greater extent than total protein intake.

1.2. Purpose of the Literature Review

The objectives of this review were threefold: one, to determine the effects of aging on
muscle, strength, and the development of sarcopenia, two, to describe the methods used to
diagnose sarcopenia, and three, to investigate the role of dietary intake on muscle health. More

specifically, this work focuses on dietary protein intake and its effects on muscle.



2. LITERATURE REVIEW
2.1. Literature Search Methods

The Pub-Med, Web of Science, and Science Direct Databases were searched using the

29 ¢¢ 2 ¢ 99 ¢

terms “sarcopenia,” “dynapenia,” “specific force,” “muscle mass,” “muscle cross-sectional area,”

29 <6 99 ¢

“muscle quality,” “strength,” “physical performance,” “performance,” AND “diet,” “nutrition,”
or “protein.” Search results were limited to studies performed in humans and published after
2009. The references of search articles were reviewed to add additional, relevant, older works.
2.2. Muscle Strength and Aging

It is well accepted that decreases in muscle mass are the result of age-related processes. E
Excluding animal models, the best evidence to support age-related decline in muscle mass comes
from longitudinal studies, as these studies are free from some of the confounding variables that
affect cross-sectional research. In the “Health Aging and Body Composition Study,” a
longitudinal sample of adults aged 70 to 79 at baseline, men (n = 813) lost (Mean + standard
deviation [SD]) 6.8 + 10.0 cm? (4.9 + 7.4%; p < 0.001), whereas women lost 3.2 + 7.6 cm? (n =
865; 3.2 £7.9%; p <0.001) of thigh muscle cross-sectional area (CSA) assessed via computed
tomography (CT) across a five year period.” Another group of researchers utilizing the same
dataset reported that men lost a mean of 0.145 kg or 0.8% of lean leg mass per year measured
using dual x-ray absorptiometry (DXA); women, on the other hand, lost a mean of 0.088 kg,
0.7%, of lean leg mass per year during the same now eight-year period.*® In support of these
findings, “The Baltimore Longitudinal Study of Aging,” which followed 412 men for (Mean +
SD) 15.4 + 3.9 years, reported declines in both muscle CSA determined using arm circumference

with skinfold measurements and muscle mass assessed using deuterated creatine/creatinine

excretion analysis.?’



Longitudinal declines in muscle mass reported in the “Health Aging and Body

130 and other longitudinal studies® are supported by data from a host of

Composition Study
cross-sectional studies.>>*>7 Some of earliest cross-sectional studies of muscle and aging
utilized cadavers.’>>¢ Perhaps more important than linking muscle mass to age, these early
studies on cadavers established that the loss of muscle mass associated with aging does not affect
all muscles or fiber types equally. Lindboe and Torvik (1982) reported a respective 9 and 14%
difference in Type Il muscle fiber areas of the biceps brachii and tibialis anterior among 23
healthy men who were either 60 years or older (n = 10) or under 60 years (n = 13) when they
died suddenly; however, there was not a significant difference in Type I fibers. Several years
later in another examination of cadavers, Oertel (1986)° not only found that Type II fibers
atrophy with age to a greater extent than Type I fibers, but also that these changes begin in young
adults and occur more predominantly in the vastus lateralis compared to the deltoid. Not only do
declines in muscle health start at earlier than age than older adulthood, but the differential loss of
Type 1I fibers between the two muscles is concerning because the vastus lateralis is more
directly involved with locomotion and balance than the deltoid. Thus, losses of Type II fibers
and therefore strength in the vastus lateralis are more likely to lead to loss of function and
disability than losses from the deltoid.

In fact, although many physiological factors contribute to age related losses in muscle
mass and strength,>® the loss of Type II fibers is critical because some older adults use close to
their maximal muscular power to stand from a chair.’® Thus, any change that adversely affects
muscular power can dramatically affect older adults’ quality of life, particularly if these changes
occur in the lower body, as described by Oertel.*® Type II, or fast-twitch muscle fibers, adhere to

60,61

Henneman’s Size Principle and are recruited after slower-twitch Type I fibers, when the body



needs to generate maximum force or power.%? Therefore, the loss of Type II fibers has a greater
effect on physical performance than a loss of an equivalent amount of Type I and II fibers
combined. In other words, due to the loss of Type II fibers, it is expected that muscle strength
and power decline more rapidly than what would be expected from corresponding losses in
muscle mass.

Even though losses of muscle strength have been included in the definition of sarcopenia

since at least 2001,

the differential impact of age related processes on performance and muscle
mass were largely overlooked until a special “Green Banana” article by Clark and Manini
(2008)* in which they coined the term “dynapenia,” the age related loss of strength. In support of
their arguments in the special article, Clark and Manini also reference the “Health Aging and
Body Composition Study,” where men (n = 814) and women (n = 865) 70 to 79 years of age
respectively lost (Mean = SD) 4.9 + 7.4% and 3.2 £ 7.9% of thigh muscle cross sectional area,
whereas they lost a 16.1 = 20.6% and 13.4 = 23.0% of muscle strength over a five-year period.’
Since then, others have reported losses in strength and physical performance that are greater than
those observed in muscle mass or area. Using a longitudinal sample of habitually active men (n =
59; Mean + SD: 58.6 & 7.3 years) and women (n = 35; Mean + SD: 56.9 + 8.2 years) with an
average follow-up period of 4.8 years, Marcell, Hawkins, and Wiswell (2014) reported isometric
knee extension strength losses of about 5% per year even though lean body mass measured using
hydrodensitometry did not change.?® Others using less advanced techniques of anthropometry,
namely leg circumference 10 cm above the knee, found no difference in several measures of leg
circumference between individuals aged under 40 (n = 14) and those over 40 (n = 12), but saw

significant differences in isometric strength at 60° flexion between the groups (Mean + SD: <40:

right leg = 716.96 + 291.88 N, >40: right leg = 423.84 = 179.45 N, p = 0.00448; <40: left leg



757.55 £291.08 N, >40 left leg 520.97 + 220.25 N, p = 0.0234).%* Nonetheless, the current
consensus is to use the term sarcopenia to describe both losses of muscle strength and muscle

3785 50 sarcopenia in this work will also refer to age related losses in both muscle

quantity,
quantity and strength.
2.3. Diagnosing Sarcopenia

In 2010, the European Working Group on Sarcopenia in Older People released the first
widely known algorithm for diagnosing sarcopenia.®® This algorithm had three criteria. The first
criterion, low muscle mass, had to be met before the other two criteria, low muscle strength and
low physical performance, could be used to confirm the condition. More specifically, a person
with low muscle mass and either of the other two criteria was considered to have sarcopenia,
whereas a person meeting all three criteria was considered to have “severe sarcopenia.”®®
Following the publication of this algorithm, the Asian Working Group for Sarcopenia released
their criteria for diagnosing the condition, which were similar to that of the European Working
Group; sarcopenia was defined as “age-related loss of muscle mass, plus low muscle strength,
and/or low physical performance.”®® Likely as direct result of these works, sarcopenia eventually
a earned an International Classification of Disease code.®’

Both the European®” and Asian Working Groups®® have since updated their criteria for
diagnosing sarcopenia to include more relevant metrics and more fine-tuned cut-points for
muscle quantity, muscle strength, and physical performance measures. More specifically, the
updated cut-points reflect the different populations evaluated by the two different working
groups. The European working group considered cut-points for people of European ancestry,’’

whereas the Asian working group considered cut-points for those of Asian ancestry.®® Because

the population of the United States (72.0%) and that of Fargo in particular (84.6%) is mostly



people of European descent,®® this work uses the European Working Group’s criteria.’” Notably,
the European Working Group’s criteria changed from 2010;% the first criterion was changed
from low muscle mass to low muscle strength, which was followed by low muscle quantity or
quality as the second criterion, with low physical performance only as a third criterion for
“severe sarcopenia.”’
2.3.1. Assessing Muscle Strength

As indicated, the first criterion of sarcopenia according to the European Working Group’s
revised consensus is low muscle strength.>” Fortunately, measuring muscle strength is relatively
straightforward and inexpensive and can be completed using a variety of laboratory, clinical, or
field tests. The European Working Group®’ specifically recommends using two clinical or field
tests to appraise muscle strength. The working group’s preference is handgrip strength!? or if
handgrip strength cannot be performed, a 5-repetition chair stand test,”® a derivative of the 30-
second chair stand test,”! to evaluate muscle strength because of their low cost, accessibility, and
relationship to critical health outcomes. For instance, a Jamar Handheld Dynamometer
(Bolingbrook, IL), the most widely cited tool to measure grip strength,'? costs less than $300.00
and can be brought directly to participants, even those unable to get out of bed, for strength
testing. Beyond this, decreases in or low handgrip strength have been related to important health
outcomes such as mortality, disability, and cognitive impairment.’

Outside of the European Working Group’s recommendations,” others have used

18-27

isometric, isokinetic,”!314.17.18,20,23,28-32

and 1-repetition maximum (RM)!*>~!8 tests to measure
muscle strength. Isometric and isokinetic tests are laboratory measures of strength, although
portable isometric dynamometers that allow for clinical or field testing are sometimes used.?? In

fact, isokinetic dynamometry has been hailed as the “Gold Standard” of muscle strength



measures.’> While isokinetic dynamometry may be considered the best measure of muscle
strength, it is not portable, nor does every organization, researcher, or clinician have access to an
isokinetic dynamometer, limiting its use in clinical and field settings. When selecting measures
of muscle strength for research, one must obviously consider their feasibility; isokinetic
measures of strength may not always be possible because of their limited portability and
accessibility.

The 1-RM, on the other hand, is a field test; equipment for 1-RMs is more accessible to
researchers and readily available in most gyms, but it is still not portable like isokinetic and most
forms of isometric dynamometry, limiting the use of 1-RMs in clinical settings. Surprisingly, 1-
RMs have not only been found to be both safe in older adults’* and those in cardiopulmonary
rehabilitation programs,’>’® but have also been shown to be reliable in untrained men and
women (i.e., in men and women not exercising).!> Nonetheless, of these two techniques the 1-
RM is least optimal as the technique seems to be biased, overestimating strength gains compared
to isokinetic measures of strength.!3:1416

Handgrip strength, in addition to being associated with various important health
outcomes,’? is related to isokinetic strength.”® Thus, handgrip strength can be considered a stand-
in for isokinetic measures in clinical populations, which is another reason why the European
Working Group advocates for using handgrip strength in their revised consensus.*’ Ideally,
laboratory research investigating sarcopenia will have participants perform isokinetic
dynamometry for its ability to measure muscle endurance (i.e., work), and muscle power in

addition to muscle strength’” and other measures of muscle strength such as handgrip strength or

171,78—80 48,81

a chair stand test that can easily be compared to epidemiologica or clinical data.



2.3.1. Assessing Physical Performance

Poor physical performance is the third and final criterion of the European Working
Group’s revised consensus, distinguishing “confirmed sarcopenia" from “severe sarcopenia.”’
The European Working Group®’ offers several different methods to assess physical performance
including the Short Physical Performance Battery (SPPB),!”-* the Timed Up and Go (TUG)
test,* a 400 m walk test,’> and gait speed.*® These assessments, like some techniques to measure
muscle strength, require little equipment and can be completed in a variety of settings. In fact,
walking is a critical element of all of these tests.

Nevertheless, the SPPB is the most complex of these methods, consisting of three
different assessments: an eight-foot gait speed test, tandem, semi-tandem, and side by side
standing 10 s balance tests, and a 5-repetition chair stand test.3? Each one of these three types of
assessment is scored as 0-4; thus, the maximum score on the SPPB is 12, indicating the highest
level of physical performance.®? The TUG is the next most sophisticated assessment of physical
performance, demanding participants stand from sitting, walk 3 m, and return to sitting.3** The
400 m walk test® and assessments of gait speed®® are least complicated, only requiring
participants to walk. Of these two types of assessment, measurements of gait speed are easier for
participants to complete as gait speed only asks participants to walk up to 6 m*® as opposed to
400 m.** In fact, not being able to complete the 400 m walk test is a determinant of “severe
sarcopenia” according to the European Working Group.®’” Because walking is an element of all
four of these measures of physical performance, researchers investigating sarcopenia should at
the minimum include a measure of gait speed in their work.

However, measures of physical performance in the context of the European Working

Group’s revised consensus®’ are intended to differentiate between those with sarcopenia and



those with “severe sarcopenia.” In other words, in studies utilizing non-sarcopenic populations it
may not be useful to assess physical performance. In support of this, Buchner and colleagues,?®
using a cross-sectional sample of 409 adults aged 60 to 96 years, reported no relationship
between isokinetic leg strength and gait speed in stronger older adults, whereas leg strength was
related to gait speed in weaker older adults when using a quadratic regression model. Thus,
depending on the population, researchers examining sarcopenia or investigating the associations
between lifestyle factors and the condition, may choose to omit measures of physical
performance from their research.

Although sarcopenia can be prevented and treated through drugs such as myostatin
inhibitors, testosterone and its derivatives, and selective androgen receptor modulators, these
85,86

pharmacological interventions can cause negative side effects and can also be expensive.

Diet,}”*? including heavy or binge drinking”® but not moderate alcohol consumption,” physical

17,87,95-98 99,100 101,102

activity or exercise, sleep, and cigarette smoking are aspects of people’s
lifestyles that affect muscle strength, quantity or quality and represent low cost and well tolerated
ways to mitigate sarcopenia. In fact, resistance exercise and dietary interventions are the most
common non-pharmacological methods to address sarcopenia.*® This work focuses on lifestyle
changes to address sarcopenia, and more specifically, on dietary interventions that included other
factors such as physical activity/exercise, sleep, and smoking status as covariates.
2.3.2. Assessing Muscle Quantity

According to the European Working Group’s revised criteria, low muscle quantity or
quality needs to be established after low muscle strength for a person to be considered to have
T,7:22,57,103-108

sarcopenia.’” There are many ways to assess muscle quantity, including C

DXA,!7:1827:57.95.102,109-11 hyqrostatic densitometry or weighing,?>!'? air displacement
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plethysmography,'!®> magnetic resonance imaging (MRI),!-10%114-118 bigelectrical impedance, !~

121 ultrasonography,6’2 1,26,29,108,115,122

and deuterated-creatine/urinary creatinine
analysis.?>10%123124 Tt myst be noted that some of these methods, namely DXA, hydrostatic
weighing, air displacement plethysmography, and bioelectrical impedance technically do not
quantify muscle but rather lean tissue, which includes muscle in addition to connective tissue and
organs.'? Deuterated-creatine/urinary creatinine analysis, on the other hand, is thought to
measure muscle mass alone.'” Nonetheless, these methods estimate whole body lean tissue or
muscle mass, whereas CT, MRI, and ultrasonography produce images of individual muscles or
muscle groups.

Of these measures of muscle quantity, only CT, MRI, and ultrasonography also measure
muscle quality when performed alone.'?® Echogenicity, echo intensity, or computer-aided gray-
scale analysis, is a measure of the intensity of light reflection from an image. Brighter images
indicate greater amounts of intramuscular adipose and fibrous tissue which affect muscle
quality,” and these images can be captured from MRI*® or ultrasonography.® In older Japanese
women, the echogenicity of images taken from ultrasonography were related to both age (r =
0.34; p < 0.01) and isometric strength (r = -0.40; p < 0.01).® Another way to evaluate muscle
quality without a performance measure is to use Hounsfield Units. Hounsfield Units are the
intensity units derived from CT,'” and the technique is similar to echogenicity. A couple of

106,107

studies have found positive associations between Hounsfield Units and mortality, and one

of these works reported a decrease in muscle quality with aging when using Hounsfield Units,'%
supporting their use for assessing sarcopenia. However, Hounsfield Units did not change in the

“Health Aging and Body Composition” study, a longitudinal study with the goal of determining

the effects of aging on muscle quality.”!% Although using either echogenicity or Hounsfield
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Units to evaluate muscle quality does not require a measure of performance, neither is perfect.
Echogenicity, at least from images captured using ultrasonography, is highly dependent on the
sonographer’s skill, and measurements of Hounsfield Units require exposure to x-rays. Perhaps
more important, images from CT, MRI, and ultrasonography require analysis by a trained
researcher or clinician, using a program such as Image].!?"-12

When coupled with a measure of muscle strength, any method of quantifying muscle or
lean tissue can produce a measure of muscle quality in the form of specific force, the amount of
force produced divided by the quantity of muscle. In fact, specific force is the most common
method of assessing or defining muscle quality. When investigating specific force, lean body

30,47,95,98,105,110,129,130

mass has been determined using DXA in many studies, whereas measures of

L117,118

muscle CSA are less common and have been measured using CT,” MR and

ultrasonography.?’ Performance has been assessed using a multitude of test and protocols

47,117

including handgrip strength,*’*3 knee extensor strength, assessed using either 1-RMs or

95,98

strain gauges,’>’® maximal knee flexor strength,’® maximal leg press strength,”® isokinetic knee

extensor torque or strength,’*%105:12%130 knee extensor power,!!? isometric dorsiflexor strength,!!®
and isokinetic dorsi/plantarflexion.?®!3!

Defining muscle quality as a performance measure relative to a measure of muscle mass
or size has perhaps been most useful for describing age-related losses in muscle quality and their
effects on health.”**19512% One group reported that for each SD increase in muscle quality
mortality risk decreased by 11%.!% Similarly, in patients receiving hemodialysis, greater muscle
quality was related to lower 10-year mortality rates.!*? Lynch and colleagues'?® (1998) observed

losses in muscle quality, as defined as concentric peak torque divided by muscle mass, across the

lifespan using a cross-sectional design. Although statistically significant, r-squared values of
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regression models where age was used to predict muscle quality were low (Men: Arm R? = 0.15;
Leg R? = 0.26; Women: Arm R? = 0.07; Leg R? = 0.27) indicating that age only marginally
contributes to muscle quality at least using this methodology. Others’**!1% did not report r-values
making it difficult to evaluate the effects of aging on muscle quality when it is defined in this
manner.

The low explained variance (i.e., r-squared values) reported by Lynch and colleagues'?’
may be the result of a fundamental flaw of using specific force, that is this performance divided
by muscle mass or area methodology, to define muscle quality. It seems that slower twitch
muscle fibers are more affected by disuse than faster twitch fibers.!** Thus, disuse may lead to
increases in specific force values, and therefore populations who are less active may show
greater specific forces (i.e., better muscle quality) than active populations. Indeed, in one study,
there was a positive correlation between time spent in sedentary behavior and muscle quality
when it was defined as knee extensor power divided by lower limb lean body mass in 16 older
men (r = 0.607; p < 0.001),° despite the fact that faster twitch Type II muscle fibers are lost to
greater extent during aging.>**® Another work found that appendicular muscle mass and upper (r
=-0.53; p <0.001) and lower-body (r = -0.23; p < 0.001) specific forces, determined using
handgrip strength and knee extensor strength respectively divided by upper and lower body
muscle mass determined with DXA, were inversely related.*’ Including intramuscular fibrous
and adipose tissue in measures of muscle mass or area helps remedy this issue and has been
performed in at least two other works.!%!!8 A one SD increase in specific force relative to lean
muscle area was associated with an 11% (95% CI of hazard ratio (HR): [0.83, 0.95]) decrease in

106

risk of mortality, ™ and there was a difference in lean area but not total muscle CSA between

healthy participants in the control group and those undergoing dialysis.!®
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Even if intramuscular fibrous and adipose tissue are included when measuring specific
force, measures of muscle performance including strength testing are dependent on participant
skill, motivation, and anthropometry, which may make measures of muscle quality that are
dependent on performance measures spurious. Moreover, these confounders are not easily
controlled for. One group of researchers sought to overcome these limitations by electrically
stimulating participants’ muscles during strength testing.''® This technique reduces participants’
motivation and skill as confounders, but it still does not alleviate concerns regarding
anthropometry. More specifically, a person with a muscle whose insertion is farther away from
the fulcrum of the joint will produce more force than the same person would if the insertion of
the muscle is closer to fulcrum, potentially limiting the usefulness of specific force as an
indicator of muscle quality. Yet, as there is no consensus about the definition of muscle quality,’’
researchers should strive to include both definitions of muscle quality, that is specific force and
echogenicity or Hounsfield Units, in their work evaluating sarcopenia.

Despite the fact that specific force*” and echogenicity®! are considered measures of
muscle quality and the fact that the echogenicity of the rectus femoris determined using
ultrasound is related to muscle quality assessed using CT (i.e., Hounsfield units),'® echogenicity
of a muscle has not been directly related to the specific force of that muscle. In support of this
disparity between these two broad methods of assessing muscle quality (i.e., specific force vs.
echogenicity), Strasser and colleagues (2013) reported no relationship between the echogenicity
of the four quadriceps muscles from ultrasound and maximal isometric knee extensor strength in
a cross-sectional sample of 26 older (60-80 years) patients at an Austrian hospital.?® In contrast,
echogenicity has been inversely related to the specific force of individual muscle fibers (r = -

0.62; p=0.02) in 12 obese, older adults (68 + 3 years),*” and Ismail and colleagues (2015)
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reported a significant relationship between the echogenicity of rectus femoris and handgrip
strength relative to bodyweight, a very crude measure of specific force, in a sample of 20 middle-
aged women (43.4 + 3.4 years).*® Again, as there is no consensus regarding muscle quality’’ and
because both specific force*’ and echogenicity?! are considered measures of muscle quality,
researchers investigating muscle quality should be not only be performing both types of
measures of muscle quality, but should also be comparing the two types of measures.
2.4. Dietary Intake

Dietary intake is comprised of energy, macronutrient, micronutrient, phytonutrient, water,
and alcohol intakes. Beyond the detrimental effects of aging on muscle strength, quantity, and
quality, people’s ability to taste decreases with aging!** as does their oral health!'*® and ability to
masticate.!*® As the result of these change among other factors, dietary intake decreases by about
25% from age 40 to 70, predisposing middle-aged and older adults to malnutrition which can
hasten the development of sarcopenia.'*’ Aging not only results in loses of lean tissue and
strength,”*>* but also due to the fact that aging reduces energy expenditure,'*® older adults can
gain fat tissue despite reduced dietary intake; this can result in sarcopenic obesity,'** which can
further increase one’s risk of death!*” or disability.'*! Thus, older adults should choose nutrient
dense foods, as is recommended by the USDA!#%!%3 and other experts.!4+14
2.4.1. Assessing or Manipulating Dietary Intake

Assessing or manipulating dietary intake is fundamental to nutritional research which
informs recommendations, such as those of the USDA.!%>!43 In experimental designs, such as
randomized control trials (RCTs) and controlled feeding trials (CFTs) dietary intake is both
manipulated and assessed. Observational designs, such as cross-sectional and longitudinal

studies, on the other hand, only utilize assessments of dietary intake. Therefore, dietary
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assessment is essential and ubiquitous to nutritional research, and within human nutritional
research, several broad categories of assessment are used: biomarkers, food-frequency
questionnaires (FFQs), recalls, and food diaries or logs. Study design often dictates which type
or types of assessment are used.

Of all nutritional study designs, CFTs, experiments where participants are given all of

their dietary intake by researchers, are considered the Gold Standard,!'!!4¢

as the methodology
minimizes confounding variables such as participants’ ability to accurately recall, estimate, or
record their intakes. As the nutrient content of all food provided in a CFT is known, researchers
have an objective measure of dietary intake by determining or dictating the amount of food
eaten.'*” Other study designs utilize correlations between biomarkers and dietary intakes or use
self-reported dietary assessments, such as 24-hour or multiple day recalls, dietary food logs or
journals, or FFQs. Self-reported methods can be biased by factors such as memory,'#®!# the

148,150

desirability of responses or participants’ ability to estimate portion size.'*! Biomarkers,

although more objective, do not capture all aspects of dietary intake measured by self-reported

153,154 and therefore are more useful

measures.'>? Additionally, biomarkers vary across individuals
to measure changes in intake within participants than to determine differences in intake between
participants. For instance, serum albumin, a biomarker of protein intake, was only weakly related
to nutritional status (r = -0.13; p = 0.003) assessed by the Short Global Assessment'>® and
moderately associated with protein intake (r = 0.42; p < 0.001) measured via another biomarker,
normalized protein equivalent of nitrogen appearance (i.e., the amount of urinary nitrogen

relative to serum albumin),'*® in respectively 383 or 104 patients with end stage renal disease.

Thus, instead of being used to compare between participants, changes in biomarkers within
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participants are often used as outcome or dependent variables, or to validate the results of self-
reported measures. !3317:158

In addition to providing all food, a “pure” or “true” CFT is not free-living; participants
are locked down in a facility or they are monitored by clinicians or researchers for the entirety of
the study, and all dietary intake is provided, meticulously measured, and recorded.'4”-!415° The
advantage is that researchers are more confident of participants’ dietary intakes, as participants
only have access to foods the researchers provide for them and do not have access to other
foods.'*” This is in contrast to other experiments, including some CFTs, where dietary intake is
manipulated under free-living conditions, although some studies utilize both free-living and
controlled-feeding methods.!!""!%° Even if ample food is provided to participants under free-
living conditions, there is risk of participants “going off menu” and consuming food not planned
to be available to them, confounding the results. Thus, “absolute” CFTs where participants
remain in a facility or are followed by researchers for the duration of the study are best.

The minimization of bias in CFTs performed entirely in a laboratory or other facility
comes at a cost to the feasibility of the design. Because these studies are done entirely in a
controlled setting, their generalizability to free-living settings may be somewhat limited as is
their feasibility. Participants are monitored closely during CFTs, and observation can affect
eating behaviors, potentially decreasing intake.'®! Thus, findings from CFTs may not be
generalizable to free living settings. In addition, free-living study designs are not only more
generalizable but also more feasible. Researchers do not need to find and pay for, one, a lockable
housing and research facility, two, staff to administer the controlled feedings, monitor

participants, and maintain the facility, and three, participants who are willing to stay “locked-in”
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at the research facility or be observed the entirety of the study.'*’ For these reasons, free-living
experiments are performed much more often than CFTs.
Despite being more feasible, free-living experiments in the context of aging, nutrition,

and sarcopenia are also somewhat limited in their feasibility. The detrimental effects of aging

7,25,30 105

alone on muscle strength,? quantity, and quality ™ are noticeable over longer periods of
time (i.e., years) that are often greater than what is practical to investigate in many CFTs or
RCTs (i.e., weeks). Thus, some of the strongest evidence linking diet, aging, and sarcopenia
comes from observational studies, particularly longitudinal works, such as the “Health Aging and
Body Composition Study,””-**!% the “Baltimore Study of aging,”* and “The InCHIANTI
Study.”!6?

Regardless of the strengths and drawbacks of different study designs, assessment of
dietary intake is ipso facto an aspect of nutritional research. The advantages of CFTs and
biomarkers is that the methods are objective. However, true CFTs are relatively infeasible,'*” and
biomarkers do not fully capture or estimate dietary intake.'>? Thus, many works utilize self-
reported and therefore subjective dietary assessments like recalls, FFQs, and food diaries, which
as previously indicated, are biased.!**1! In recalls, researchers interview participants asking

about their dietary intake usually over the last 24 hours,!4%151:163

although some recalls ask
participants to remember intake from as long as a week ago.'**!* Food frequency
questionnaires, on the other hand, are surveys containing questions that have a discrete number
of answers intended to assess dietary intake. This in contrast to recalls where participants are

asked open ended questions (e.g., What did you eat for breakfast yesterday?). FFQs can be

guided with an interview or self-adminstered,'*® and usually ask participants about intake over a

163 148,151,163

longer of period of time such as several months, ® as opposed to the last 24 hours or
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week.41%% A critical limitation of FFQs is that they contain a limited number of foods and
options for frequencies of consumption. Food choices and motivations vary due to social,
economic, cultural, biological, and environmental factors.'®>!1%¢ Thus, FFQs must be specific to a
context,””!%7 limiting their generalizability, or they are nonspecific to their context, decreasing
their validity.

Food diaries, unlike recalls and FFQs, demand that participants record their intake in
real-time as they eat, and therefore, do not rely on memory, an advantage of the method.'*? In
fact, food diaries, collected for a period of four days, explained a larger proportion of energy
intake (partial adjusted R? = 13.3) and protein intake (partial adjusted R* = 44.2) measured using
two biomarkers, doubly-labeled water and urinary nitrogen, than a 24 hour recall (energy partial
adjusted R? = 4.8; protein partial adjusted R?> = 31.7) or a FFQ (energy partial adjusted R? = 6.5;
protein partial adjusted R? = 16.4) in a sample of 450 older women.'>” Another group of
researchers found that nutrient intakes from 3-day food diaries (mean r = 0.29) were more
closely related to nutrient intakes from 9-day food diaries than intakes from a population specific
FFQ (mean r = 0.21).'7-1%8 Moreover, some works have used food diaries to validate other self-

167-170 Iny addition, food diaries can be used across contexts, so long as their

report methods.
instructions are clearly translated and participants can write. Nonetheless, food diaries are
reactionary and thus are still biased;!**!3® participants are recording foods as they consume them,
and therefore are more aware of their food choices, which affects which foods participants eat
and how much they eat. Beyond this limitation, all self-report measures rely on nutrient
databases that may have their own errors or omissions. !>

In sum, if the goal of research is to make high-quality inferences about human nutrition,

then researchers ideally should perform CFTs because of their objectivity, but due to practical
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considerations, much nutritional research has been done using subjective, self-reported
assessments. Although all of these self-reported assessments are biased to some extent,! 48151158
food diaries seem to be the best as they limit errors due to recall.'>”:138168 [n fact, food diaries
have even been added to the ASA24, which was originally a 24-hour food recall developed by
the NIH.!”! Biomarkers are useful, objective measures of nutrition, but no group of biomarkers
can fully describe dietary intake.'>? Instead, biomarkers are often used with other forms of
nutritional assessment or as a dependent variable. When choosing methods to assess or
manipulate dietary intake, researchers need to consider both the feasibility and limitations of
their methods.
2.4.2. Protein as a Nutrient to Address Sarcopenia

Several nutrients are particularly important for preserving muscle strength, quantity, and
quality including protein, fatty acids, vitamin D, antioxidants, and minerals such as iron,
magnesium, calcium, selenium, and zinc.”"!”?> For example, using a longitudinal sample of 884
participants followed for 3 years from “The InCHIANTI Study,” Abbatecola and colleagues
(2009)'%? reported an inverse relationship between n-3 polyunsaturated fatty acid (i.e., o-
linolenic, eicosapentanoic, and docosahexaenoic acids) intake and a decrease in SPPB score to 9
or less, an indication of poor physical performance (95% CI of OR: [0.081-0.530]). In a RCT,
1,000 international units of supplemental vitamin D3 significantly improved TUG performance
(p < 0.001), but not muscle strength in vitamin D deficient middle aged women.'?! Another
group reported positive correlations between iron (partial r = 0.08; p = 0.02), zinc (partial r =
0.07; p = 0.02), and magnesium (partial r = 0.07; p = 0.02) determined using an FFQ specific to

the setting, Australia,'®® with lean body mass assessed via DXA.?’ Protein, though, is of
g y g
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particular interest because of the nutrient’s ability to directly affect muscle protein synthesis and
breakdown, 139173176

Proteins, of course, are long chains of amino acids. Beyond being the literal “building-
blocks” of proteins, amino acids contribute to muscle protein synthesis by activating the
mammalian target of rapamycin complex 1 (mTOR1).!74!"7 This cytosolic protein complex
controls translation, the process of producing proteins from messenger ribonucleic acids (i.e.,
mRNAs),!7%!7 thereby regulating muscle protein synthesis.!’* Moreover, mTORC1 is at the
interconnection of several different signaling pathways including ones related to energy balance

180,181

(i.e., low adenosine triphosphate), hypoxia, hormones or growth factors, and

182-185 Although aging alone seems to have a negligible effect on muscle

mechanotransduction.
protein synthesis and mTORC1 activity,'®¢ Fry and colleagues (2011) found that
phosphoproteomic markers of mTORCI1 activity (e.g., ribosomal protein S6 kinase beta-1 p-Thr
389) and muscle protein synthesis were lower in 16 older adults (70 = 2 years) compared to 16
younger adults (27 £ 2) following resistance exercise (i.e., 8 sets of 10 repetitions of leg
extension at 70% of 1-RM), suggesting that aging blunts mTORC1’s response to mechanical
stimuli and thus muscle protein synthesis.'*” However, others reported that a protein rich meal
(i.e., 660 kcal, 90 grams of protein, 33 grams of fat) can help mitigate these losses in muscle
protein synthesis,'®® supporting the role of protein in preventing sarcopenia.

Several aspects of mMTORC1 signaling are sensitive to amino acids.'® In the “classical”

189 amino acids are sensed in the lumen of

pathway of mTORCI activation by amino acids,
lysosomes by vacuolar adenosine triphopastase!*® which through another protein, the

“Ragulator,” recruits mTORC] to the surface of the lysosome,'*! where the complex can be

activated by a lysosomal membrane-tethered guanosine triphosphatase, Ras homolog enriched in
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brain.!>!%? Ras homolog enriched in brain binds to and activates mTORC1, and like most
guanosine triphosphatases, Ras homolog enriched in brain is active when bound to guanosine
triphosphate (GTP);!°>!% thus, proteins that enhance the catalytic activity of Ras homolog
enriched in brain, facilitating the hydrolysis of GTP to guanosine diphosphate (GDP), inhibit
mTORC1."* Four other guanosine triphosphatases, the “Rags” (i.e., Rag A, B, C, and D) also
play critical roles in mTORCI1 signaling related to amino acids. The Rag proteins function as
heterodimers of Rag A or B and Rag C or D and are involved with the Ragulator to help relocate
mTORCI to the lysosomal membrane when amino acid concentrations are high.!**1°:1 Rag
A/B is active when bound to GTP, a function of the guanine exchange activity of the
Ragulator,'®® whereas Rag C is counterintuitively active when bound to GDP.!**!°7 In other
words, when Rag A or B is GTP bound and Rag C or D is GDP bound, the Rag/Ragulator
complex is active, translocating mTORCI to the lysosome. Although the guanosine loading of

the Rag proteins are not directly affected by amino acids,'”®

upstream regulator proteins capable
of sensing amino acids (i.e., GATOR 1/2 or Folliculin) affect the rate of hydrolysis of GTP
bound to the Rag proteins.'*”1%2% Thus, mTORC1 is capable of sensing amino acid inputs from
both the lysosome and the cytosol.

Although all 20 naturally occurring amino acids likely impact mTROCI signaling
pathways to some extent, both leucine and arginine are needed to activate mTORC1,%"! and each
has its own cytosolic receptor in mTORC1 signaling.?°*?% Of these two amino acids, leucine
likely has greater importance as a nutrient not only because it is an essential amino acid,
incapable of being synthesized by the body, but also because leucine is considered by some as

“the strongest determinant of the capacity of a protein to affect [muscle protein synthesis] and

likely hypertrophy.”** In support of this notion, 4 g of supplemental leucine given at each meal
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(i.e., three times daily) was found to increase both muscle protein synthesis and
phosphoproteomic markers of mTORCI1 activity in eight older adults (Mean + Standard Error
[SE]: 68 + 2 years).2%

Despite the effectiveness of leucine at stimulating muscle protein synthesis, it is
incapable of fully activating mTORC]1 without some degree of mechanical stimulation. Rats fed
1.35 g of leucine per kg bodyweight and with one hindlimb immobilized showed decreased
ribosomal protein S6 kinase beta-1 phosphorylation, an indicator or mTORCI1 activity, in their
immobilized limbs but not in their free hindlimbs.?% This finding was later supported by the
identification of two mechanically controlled phosphorylation sites on an upstream regulator of
Ras homolog enriched in brain,'® which is a distinct mTORC1 signaling mechanism from those
associated with amino acids.'®%!®! Beyond affecting the phosphorylation of this upstream protein
complex, mechanical stimulation, such as exercise, increases the amino acid transporter for

207 as amino acid transporters

leucine, leading to increased leucine uptake and mTORCI activity,
are also directly involved in amino acid signaling.'®® In addition, essential amino acids also
increase the amino acid transporter for leucine,?®® potentially leading to a multiplicative effect of
exercise and protein intake on muscle protein synthesis. Thus, studies of mMTORCI signaling
indicate that some level of mechanical stimulation (i.e., physical activity or exercise) is needed
for participants to benefit from increased protein intake. In a nine year longitudinal analysis of
nutrition and physical activity data from the “Framingham Offspring Study,” high levels of
physical activity were needed for participants’ legumes, soy, nuts, and seeds intake to be related
to increased muscle mass, supporting the need for some “mechanical stimulation,” yet other

proteins, namely animal-based proteins, were related to increased muscle mass even in those

with lower physical activity levels, reiterating the importance of protein to muscle quantity.”®
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Nonetheless, within all groups, those who were more active had greater muscle mass.’® Physical
activity and exercise then, although a critical element of benefiting from increased protein intake,
must be monitored and controlled for in studies examining nutrition and muscle health.

2.4.2.1. Physical activity and Exercise: Important covariates in Nutrition Research

1,185,206

Beyond being necessary to fully activate mTORC the beneficial role of

mechanical stimuli such as physical activity®® and exercise, particularly resistance exercise,*??%

on physical performance, and muscle quantity, quality, and strength is well documented.'3-210-212
By increasing muscle mass and strength through independently activating mTORCI from dietary

intake, 182-185,206

physical activity and exercise are confounders in nutritional research that must
be controlled for. Although both direct or indirect calorimetry and observation are the most valid
methods of measuring physical activity, these methods have a high burden for researchers and

participants?!3-214

and do not represent physical activity under non-experimental conditions.
Unlike free-living measures of dietary intake, which as previously indicated are all subjective
and self-reported, 43131158 free-living physical activity can be objectively measured using
methods such as accelerometry, pedometry, heart rate monitoring, and doubly labeled water.
Although subjective, self-reported tools to measure physical activity, akin to those used
in nutritional research (e.g., questionnaires, recalls, diaries), are sometimes used to estimate
physical activity, they are not as valid as objective methods.?!* In a systematic review of physical
activity questionnaires, the most valid questionnaires were only moderately related to objective
measures of physical activity;*'® the strongest of these associations only explained 55% of total
energy expenditure estimated using accelerometry.?!” Moreover, unlike performing CFTs, the

only truly objective method of human nutritional research, it is feasible to perform objective

measures of physical activity on a large scale. For example, the “National Health and Nutrition
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Examination Survey” (NHANES) has included accelerometry in each of its waves since 2003-
2004, in which over 10,000 participants wore a device.?!® Objective methods of measuring free-
living physical activity are therefore not only more valid than subjective measures, but are also
feasible to perform which is in contrast to performing objective measures of dietary intake.
Nonetheless, each of these objective methods to measure free-living physical activity is
limited in some way. Doubly labeled water uses heavy isotopes of hydrogen and oxygen (i.e.,
deuterium and Oxygen-18) to determine carbon dioxide production; deuterium is lost only in
urine as water, whereas heavy oxygen is lost in both urine and as carbon dioxide.?!” The rate of
hydrogen elimination subtracted from oxygen elimination yields carbon dioxide. Therefore, the
doubly labeled water method is actually a type of indirect calorimetry like peak oxygen uptake
(i.e., peakVO2); though doubly labeled water can be used under free-living conditions.?!* Although
the doubly labeled water method is considered the “Gold Standard” to capture free-living energy
expenditure,?'*?2° the method does not capture the duration, intensity, type, or timing of physical

215 and is expensive to perform,>'* as heavy isotopes are used.

activity,
Although a poorer measure of energy expenditure than doubly labeled water,'*
accelerometry can measure the duration, intensity, and timing of physical activity, a crucial
advanatage.’!®> Accelerometry, as the name indicates, measures acceleration through the
compression of piezoelectric crystals either in one (uniaxial),??! two (biaxial) or three (triaxial)
planes, and through complex data processing the acceleration recorded is converted to time spent
in different intensities of physical activity.??*22* Heart rate monitoring is also capable of
measuring the duration, intensity, or timing of physical activity but is only useful during

moderate to vigorous physical activity when heart rate is elevated.?!> Accelerometry, on the other

hand, is a reasonably valid measure of total energy expenditure and not just physical activity
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energy expenditure, explaining as much as 83% of the variance in total energy expenditure
assessed using doubly labeled water when using only one device at a single location (i.e., non-

dominant wrist).2?

Others in an effort to improve free-living physical activity measurements
have used multi-sensing devices that record both acceleration and other biometrics like heart rate
or body temperature. It is unclear how much more valid these multi-sensing devices are relative
to accelerometry. For instance, a multi-sensing armband capable of measuring acceleration, skin
temperature and Galvanic response?? yielded significantly lower physical activity energy
expenditure than doubly labeled water, whereas results from uniaxial accelerometry were not
different than those from doubly labeled water.??!

Pedometry is the least specific method of measuring free-living physical activity, only
recording the number of steps participants take and not the intensity, duration, or frequency of
physical activity.?!> Although accelerometry, heart rate monitoring, and pedometry all represent
similar levels of burden for participants, that is in all cases participants must wear a device, using
accelerometry places higher burden on researchers due to quantity of data that is collected and
the complexity of processing of this glut of data.?'* Commonly used accelerometers are set to
collect data at a minimum of 30 and up to 100 Hz,?*” producing as many 2,592,000 to 8,640,000
data points per participant per axis per day. Thus, a typical “uniaxial” day collected at 30 Hz
produces a raw “.csv” accelerometry file that is more than one megabyte in size, and demands
several levels of data processing.??* In essence, researchers must include some measure of
physical activity to control for its effects on muscle and physical performance, preferably an
objective measure of physical activity. Accelerometry, although burdensome for researchers,
advantageously records the duration, intensity, and timing of physical activity and is appropriate

for large samples, making the method an ideal component of free-living nutritional research.
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2.4.2.2. The Quantity of Protein Intake

Currently, the Institute of Medicine and the National Institutes of Health recommend a
relative protein intake of 0.8 g per kg of bodyweight per day throughout adulthood for both men
and women to prevent losses of lean tissue.??® Experts in aging and muscle health, on the other
hand, recommend greater amounts. For example, The European Society for Clinical Nutrition
and Metabolism, The Society for Sarcopenia, Cachexia, and Wasting Disease, and those
associated with the “PROT-AGE” study recommend at least 1.0 g per kg per day for healthy
older adults and more for those with chronic diseases.'”*?*%*° Others recommend at least 25 to

30 g of protein at each meal,'”¢

which, assuming three meals are eaten daily, is still greater than
current recommendations in the 2020-2025 Dietary Guidelines for Americans.'* Moreover, the
per meal recommendations illustrate another important dimension of protein intake outside of
quantity: distribution.

The Institute of Medicine, National Institutes of Health, and the USDA’s justification for
lower protein intakes comes largely from nitrogen balance studies,'” and in particular a 2003
meta-analysis of nitrogen balance studies that indicated 0.8 g per kg was sufficient to prevent
losses of lean tissue.?*! To clarify, the nitrogen balance method involves tracking both nitrogen
intake and elimination. Ideally, nitrogen intake is recorded using a CFT methodology where all
food is given, and urine and fecal samples are collected to determine nitrogen elimination, as is
the case of 27 works included in the aforementioned meta-analysis.?*! In lieu of performing a
CFT, nitrogen balance can be estimated using food diaries and urinary nitrogen analysis.?**%

However, this method makes assumptions about the nitrogen content of proteins, that is proteins

are 16% nitrogen by weight, and about other losses of nitrogen outside of urine.?*>?** Regardless
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of the exact methodology, nitrogen balance and other protein balance studies are often flawed as
they fail to consider all elements of muscle protein turnover.

The nitrogen balance method and other methods of protein balance postulate that
positive net nitrogen or protein balances result in muscle gains, whereas negative net balances
result in losses. Yet, some researchers using isotopic amino acid tracers to track muscle protein
synthesis and breakdown have reported negative net protein balances following resistance
exercise, despite increases in muscle protein synthesis.?**?3> One of these two groups even
cleverly showed that changes in muscle protein turnover were positively associated with vastus
lateralis thickness (r = 0.555; p = 0.0027) following 12 weeks of resistance training.>*> In other
words, the crux of the issue when using a “net balance” method is that it assumes all protein
synthesis is beneficial, and all autophagy is in fact harmful, a serious error.

Although protein synthesis is generally beneficial for the body, particularly in the context
of muscle protein synthesis, it also is an essential element of cancer cell proliferation,?*¢ viral
replication,??” and Alzheimer’s Disease progression.>*® Autophagy, though, is more even more
mischaracterized, as the process helps protect against disease by degrading and recycling
damaged cell components like proteins, and impaired autophagy is related to aging and disease
progression.??>24 In fact, muscle protein synthesis and muscle protein breakdown before and
after resistance exercise are strongly correlated (r = 0.84; p < 0.001),%*! highlighting the
importance of autophagy in muscle and strength gains and difficulty of using nitrogen or protein
balance to determine optimal protein intake.

175,229.230 that protein intakes

The recommendations of experts in muscle health and aging,
greater than 0.8 g per kg per day are needed to mitigate the determinantal effects of aging on

muscle are naturally informed by studies that evaluated the effects of increased protein intake on
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muscle health. Perhaps the most compelling evidence regarding increased protein intake comes
from studies investigating the combined effects of protein supplements and resistance exercise.
A meta-analysis and regression of 15 to 28 different works that investigated the effects of
various protein supplements and resistance exercise programs on muscle mass and strength
found that supplemental protein increased participants’ 1-RM by 9% (p = 0.01), lean mass by
27% (p = 0.007), and muscle fiber CSA by 38% (p = 0.02), despite participants’ high mean
relative protein intakes before (Mean + SD: Supplement: 1.4 + 0.4; Control 1.4 + 0.3) and after
the interventions (Mean = SD: Supplement: 1.8 + 0.7; Control 1.3 + 0.4 g/kg/day).?*° In a unique
piece of analysis, this same group of authors showed that an even higher dose of supplemental
protein with resistance exercise was beneficial for protein intakes up to 1.62 g per kg per day,
although this analysis only approached significance (p = 0.079).2 Nonetheless, it is clear that
protein intakes greater than 0.8 g per kg per day benefit those performing resistance exercise. As
the Second Edition of the Physical Activity Guidelines for Americans advocate for adults to
perform muscle strengthening activities (e.g., resistance exercise) at least twice a week,* there is
a clear impetus to increase the dietary reference intake for protein.

Aside from the effects of resistance exercise, others also using meta-analytical techniques
reported that participants with greater protein intakes were less likely to be frail (OR [95% CIJ:
0.67 [0.56, 0.82]) across four cross-sectional studies.>** Using three years of longitudinal data
from the “Health Aging and Body Composition Study” totaling 2,732 older adults (i.e., greater
than 70 years at baseline), one group found that protein intake as percentage of total energy was
positively associated with lean body mass when controlling for a variety of other covariates in a
regression analysis (B + SE: 8.76 + 3.00; p = 0.004).2*> Another group analyzed cross-sectional

data from 2,675 participants in the “Framingham Offspring Study” and reported that protein
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intake was related to increased muscle mass in both men (p = 0.005) and women (p = 0.003).24

On the other hand, one group found no difference between those consuming > 1.1 g per kg per
day and those eating < 0.83 g per kg per day in measures of muscular performance, such as
handgrip and knee extensor strength, and 30-second chair stand test performance, in a cross-
sectional sample of 184 older (Mean + SD: 70.2 £ 3.9 years) Danish adults.>** However, another
one of the principle findings from this same work was that relative protein and relative energy
intakes are highly correlated (Women: r = 0.69; p < 0.0001; Men: r = 0.70; p < 0.0001), and
these authors did not control for relative energy intake, among other dietary intake variables,
when investigating protein intake.?*’

Analyzing nutritional data is complex as there are many nutritional variables (e.g., macro
and micronutrient intakes alone total over 30 different variables) and a high degree of
collinearity between nutritional variables. Multicollinearity is problematic, biasing estimates in
multivariate analyses,>*® and not only are the intakes of the macronutrients related to one another,
but together with alcohol intake they equal energy intake. Thus, outside of the issues associated
with collinearity, one cannot enter both total or relative energy intake and the total or relative
intakes of all the macronutrients into the same statistical model as the intakes of the
macronutrients explain all of the variance in energy intake. To overcome this particular issue and
to include all dietary variables in analyses, researchers can utilize the “density method”?47-48
where macronutrients are expressed as percentages of energy intake and micronutrient intakes
are expressed per 1,000 kcal.
2.4.2.3. Protein Intake Distribution

As previously indicated, some experts in aging and muscle health recommend greater

amounts of protein on a relative basis (i.e., 1.0 > g/kg/day),!”>?2%23? whereas other advocate for a
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certain amount of protein to be consumed at each meal.!”® These recommendations for protein

intake per meal!7®

demonstrate not just the importance of the quantity of protein consumed, but
also the distribution of protein intake. In fact, the same nitrogen balance studies that informed the
National Institutes of Health 0.8 g per kg per day recommendation only included works where all

participants ate at least three meals,?*!

guaranteeing some level of protein spread. Moreover, the
authors of a recent (i.e., January 2021) systematic review of 15 studies investigating protein
intake distribution concluded that evenness (i.e., increased spread) of protein intake distribution
was related to increased muscle mass but not increased strength or muscle protein turnover.>°
More than a useful overview of other works evaluating protein distribution and muscle
health, this review highlights the inadequacies of using the coefficient of variation (CV) to
determine protein intake distribution, which unfortunately is the most common method of

249-252

assessment,’® having been performed in four works included in the review>® and in another

even more recent work not included.?*® The CV is equal to the standard deviation of participants’
protein intake across meals or time-periods divided by participants’ mean intake, sometimes
multiplied by 100 to yield a percentage. Although the CV does give some indication of protein
intake distribution, it does not consider the quantity of protein consumed, a critical flaw. For
example, a person eating one g of protein at each meal would have a CV of 0.00 (0%) indicating
perfectly even distribution, whereas a person eating 15 g for breakfast, 30 g for lunch, and 45 g
for dinner would have a CV of 0.50 (50%). Thus, researchers must control for total intake when
using the CV to investigate the effects of protein intake distribution, yet three of these
aforementioned works failed to do this.?*>*23% Two of these three reported no association

between protein intake distribution and muscle strength,?*>2#” illustrating the potential impact of

controlling for protein intake when using the CV to investigate protein intake distribution.

31



The CV not only fails to take into account the total amount of protein eaten, but also
ignores the notion of the “anabolic threshold,”!”> that is the fact that it takes 25 to 30 grams of
protein to maximally stimulate muscle protein synthesis.!”*!7%2% Participants achieving at least
30 grams of protein at each of their three meals, but distributed as 30, 40, and 50 g would have a
CV of 0.25 (25%); this is problematically equal to the CV of participants only meeting the
anabolic threshold at one meal, but with a distribution of 15, 20, and 25 g of protein at each
meal. In fact, the recommendations of experts, that people should strive for at least 25 to 30 g of
protein at each meal,'”>!7¢ are based the “anabolic threshold.”

The best support for the anabolic threshold and of spreading protein intake distribution is
from a seven-day crossover CFT with a 30-day washout period that investigated even protein
intake distribution (i.e., 30 grams at each meal) versus a skewed distribution (10, 15, and 65
g).23 These investigators found that eating 30 grams of protein at each meal led to higher rates of
muscle protein synthesis in healthy adults (N = 8; Mean + SE: 36.9 + 3.1 years; Even: 0.077 +
0.006; Skewed: 0.056 + 0.006 % / hour; p = 0.001).%%*> More recently though, another group also
using a CFT methodology reported no differences in muscle mass, strength, or protein synthesis
between those eating an even pattern (1.1 g/kg/day; 33%, 33%, 33%; n="7; 58.1 + 2.4 years) and
those eating a skewed pattern (1.1 g/kg/day; 15%, 20%, 65%; n =7; 60.3 £ 2.4 years) for eight
weeks in a sample of 14 older adults.>>* However, the differences between these two groups’
findings may be attributable to several factors.

Most notably, the former work utilized a crossover design, increasing the power of their
analyses.”>? Next, although the latter group included measures of muscle mass and strength in

254
)

their work, =" eight weeks is likely not long enough to detect changes in these measures as the

result of increasing the evenness or spread of protein intake. For example, the same meta-
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analysis and regression that investigated the effects of various protein supplements and resistance
exercise programs concluded across studies with a minimum intervention of period 6 weeks
(Mean + SD: 13 + 8 weeks) that supplemental protein had significant but much smaller effects
than resistance exercise on muscle strength (Mean change in 1-RM: Resistance Exercise = 27 kg,
Protein = 2.49 kg) and muscle mass (Mean change in lean mass: Resistance Exercise = 1.1 kg,
Protein = 0.3 kg).?% Additionally, the authors of the latter work®** excluded those participating in

185206 gy ggest that resistance exercise is

resistance exercise, and mTORCI signaling studies
necessary to benefit from increased protein intake. Moreover, these authors used the simplest
method of statistical analysis for their design: a one-factor analysis of variance;*>* they did not
control for confounding variables outside of baseline values for each measure. The other group
of authors used a mixed effects linear regression model allowing for group by time interaction,
which is a more robust form of analysis.?>® Thus, of these two CFTs, the former is a better
indicator of the effects of spreading protein intake on muscle protein synthesis.

Outside of these CFTs and other works that have used the CV to determine protein intake
distribution, studies that considered protein intake distribution as the number of meals (i.e., zero
to three meals) meeting a specific quantity of protein intake (e.g., 25 or 30 g per meal) all
produced significant results,>>~2%7 further supporting the idea of the anabolic threshold and of
increasing the evenness or spread of protein intake. Two of these works used nationally
representative data from NHANES;*>%7 one reported significant results when controlling for a
variety of covariates,?>> whereas the other found significant results only in an unadjusted
model.?*” Similar to the CV, this number of meals at a specific protein intake per meal

methodology can be biased as those achieving more meals at a specific protein level are more

likely to eat more protein, another problem highlighted by the authors of the recent systematic
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review.>® In other words, researchers must control for total or relative protein intake when using
either the CV or when using this number of meals with a specific intake per meal method. Of the
two studies that used NHANES data but produced conflicting results in fully adjusted statistical

models,>>>2%7

only one research group controlled for protein intake in their fully adjusted models,
and it was this work that reported significant differences between those achieving one meal of at
least 30 g protein and those eating no meals of at least 30 g protein in isokinetic strength (B [95%
CI]: 23.6 N [9.5, 37.7]) and lean mass (B [95% CI]: 1.160 kg [0.678, 1.643]).2>> Assuming one is
unable perform a CFT, this number of meals at specific intake method is a more appropriate
measure of protein intake distribution than the CV as it as it considers the anabolic threshold,
although both techniques demand that protein intake is controlled for.

Ideally though, protein intake recommendations and analytical techniques are made on a
g per kg of bodyweight basis (e.g., 1.2 g per kg per day),!”> including those for protein intake
distibution.>® More specifically, the authors of the recent systematic review advocate for cut-offs
of 0.24 g per kg per meal for younger adults and 0.40 g per kg per meal for older adults, as
these cut-offs were informed by a breakpoint analysis of muscle protein synthesis data between
healthy younger (n = 44; Mean [95% CI]: 22 [18, 26]) and older men (n = 43; Mean [95% CI]:
71 [70, 72]).2°® These cut-offs were separately evaluated in two different works. Younger
Japanese adults (N = 266; Mean + SD: 21.4 & 2.4 years) achieving at least 0.24 g per kg per meal
at all three meals for a period of three days had better body composition (n = 83; Mean + SD:
77.0 £ 0.5% lean mass) than those not meeting that goal at one or more meals (n = 153; Mean +
SD: 75.2 + 0.4% lean mass; p = 0.008).2% A higher-cut-off of 0.4 g per kg per meal was

investigated in a sample of 97 healthy German adults 75 to 85 years of age; however, these

authors did not find an association between increased protein intake spread, assessed using both
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the CV and relative intake per meal, and muscle mass, strength, or physical pefromance.?*°
Although 0.4 g per kg per meal is the amount of protein indicated from a muscle protein

258

synthesis study,”® it may too high a cut-off to practically use in cross-sectional research as only

4.1% of men and none of the women ate 0.4 g per kg per meal for an entire week in this work.?*
Thus, few older adults truly met the 0.4 g per kg per meal goal, so the authors examined those
eating at least two meals a day at 0.4 g per kg per meal as opposed to those eating all three.?*" In
addition, these authors did not control for any other variables that may confound their results
such as physical activity and total or relative protein intake.?*

Beyond discrepancies in studies investigating cut-off points for younger and older people,
using the relative intakes per meal may increase multicollinearity, as relative protein and energy
intakes are related.?* In other words, as relative protein intake increases so does energy intake.
This is problematic because as previously indicated multicollinearity can bias estimates in
multivariate analyses.?*® Assuming one wants to control for energy intake which is critical for
nutritional research,?*® then even this more robust relative intakes per meal (e.g., 0.24 g per kg
per meal) method is still somewhat limited. The number of meals at a specific protein intake per
meal method is arguably as robust so long as one controls for protein intake.
2.4.2.4. Protein Quality

Not only does the amount of protein eaten!”>%-22%230 and its distribution®**>->> affect
muscle health, but does so the quality of protein.!”>2%+2%! Historically, protein quality has been
determined using the Protein Digestibility Corrected Amino Acid Score (PDCAAS), which has
been used extensively since its adoption by the World Health Organization in 1989 as the

organization’s preferred method to calculate protein quality.®*?% In 2011, another method to

calculate protein quality, the Digestible Indispensable Amino Acid Score (DIAAS), was
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proposed by the Food and Agriculture Organization of the United Nations to replace
PDCAAS,?%%2% ag there were concerns about the PDCAAS overestimating the amount of amino
acids absorbed by the body,?*® thus decreasing differences in protein quality between high and
low quality proteins. Later, another group confirmed this discrepancy. These authors reported
significantly higher protein quality for pea protein concentrate, soya isolate, soya flour, and
wheat when using various forms of the PDCAAS compared to DIAAS.3? Although there are
other differences in methodology, higher scores indicate better protein quality.

The greatest differences between the PDCAAS and the DIAAS are: one, the PDCAAS
considers the digestion and absorption of crude protein, whereas the DIAAS considers individual
amino acids, two, the PDCAAS determined digestibility at the end of rats’ digestive tracts,
whereas DIAAS measures digestibility at the end of pigs’ ilea (i.e., the end of the small
intestine), a better model for the human digestive system, and, three, the methods use different
amino acid scores.?**?%> The amino acid score in PDCAAS is determined as the amount of
limiting amino acid (i.e., the amino acid with the lowest quantity relative to a reference protein)
in one g of protein divided by the amount of the same amino acid in one g of the reference
protein.>! To determine the full PDCAAS, these amino acid scores are multiplied by values
determined from fecal digestibility studies.’! Similarly, in DIAAS, the amino acid score is also
determined as the lowest amount of an amino acid relative to a reference protein, but in this case
the values for amino acids in the reference protein differ from those used in PDCAAS 264265
Regardless of how the amino acid score is determined, both methods demand that researchers
determine the amino acid content of a protein to evaluate its quality, and this determination is

both complex and expensive.
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The first step in evaluating the amino acid content of a protein involves the complete
hydrolysis of the protein down to the individual amino acid. Proteases, enzymes that catalyze the
hydrolysis of peptide bonds, cannot be used in this process because proteases cleave peptide
bonds after specific residues (e.g., trypsin prefers the positive amino acids arginine or lysine)?®’
often generating small peptides as opposed to amino acids. Additionally, if one were to add a
variety of proteases in an effort to produce single amino acids, there is a possibility that the
various proteases may degrade one another, confounding the results. Moreover, if a protease
were used to break down a protein, it would likely need to be removed from the sample before
the sample’s amino acid content could be analyzed. Thus, instead of using proteases to break
down proteins into amino acids, which could be done under mild experimental conditions,
researchers often use acid hydrolysis which involves heating proteins in strong acids within
vacuum or hermetically sealed containers typically for periods of around one day.?*® One acid
hydrolysis method, for instance, involves treating proteins with 4 M methanesulfonic acid at
110° C for 24 hours.?® In addition to this process of breaking down proteins, hydrolyzed,
individual amino acids must be separated from one another, and this is often achieved through
high-performance liquid cation exchange chromatography,?’®?"! before individual amino acids
can be quantified by a variety of methods such as ninhydrin derivatization.?’? In addition to the
amino acid content of a protein, its digestibility needs to be determined as well, and this is done
using animal studies.?**? In sum, determining the amino acid content of a protein is not easy
nor inexpensive, yet this is an essential element of determining protein quality when using the
PDCAAS or DIAAS. For these reasons, many foods do not have a reported PDCAAS or DIAAS.

In an effort to work around this dearth of information, researchers have used a crude

method of estimating protein quality: splitting proteins into “high” and “low quality” according
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to their origin. Even though the PDCAAS overestimates the quality of low quality proteins,?®
animal-based proteins (i.e., proteins from animals) such as egg (PDCAAS = 118), cow’s milk
(PDCAAS = 121), and beef (PDCAAS = 92) have greater protein quality than plant-based
proteins such soy (PDCAAS = 91) and wheat (PDCAAS = 42).3! These differences in protein
quality between animal and plant-based foods are further magnified when the more appropriate
DIAAS is used to measure protein quality. For example, the DIAAS of soy protein isolate was
84 and its PDCAAS was equal to 93, whereas whey protein isolate had a PDCAAS of 99 and a
DIAAS of 100, resulting in a difference of 6 when using the PDCAAS and of 16 when using the
DIAAS.> Thus, animal-based proteins tend to have better protein quality than plant-based
proteins spurring some researchers to investigate the effects of protein quality using the source
(i.e., animal or plant-based) of the food as a rough gauge of protein quality.

Works that investigated the effects of animal or plant-based protein generally report that
higher quality animal-based proteins are more related to better muscle health than lower quality
plant-based proteins.’>> Using isotopic amino acid tracers, one group reported significantly
greater increases in net protein balance following an egg breakfast compared to a cereal breakfast
in a crossover sample of 12 older adults aged 57 to 74 years.">> Another group of authors
utilizing nine years of longitudinal nutrition and physical activity data from the “Framingham
Offspring Study,” reported that animal-based proteins were related to increased muscle mass
even in those with lower physical activity levels, whereas greater physical activity levels were
needed for participants’ plant-based protein intake to be related to increased muscle mass.”® In a
cross-sectional sample of 1,853 Italian adults, those in highest tertile of animal-based protein
intake had greater arm (Mean + SE: low intake 23.3 & 0.1; high intake 24.0 + 0.1 cm) and calf

(Mean =+ SE: low intake 35.5 + 0.09; high intake 36.1 + 0.09 cm) circumferences and handgrip
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strength (Mean = SE: low intake 32.6 + 0.4; high intake 34.5 + 0.4 kg) compared to those in the
lowest tertile when controlling for variety of covariates.?”® Thus, although animal-based protein
intake is only a crude estimate of protein quality, examining animal-based protein intake is more
feasible than using either the PDCAAS or the DIAAS as these values are not available for many
proteins. Examining animal-based protein intake therefore offers an opportunity to investigate
protein quality in free-living nutritional research.
2.5. Conclusions

Changing individuals’ protein intake represents a relatively well-tolerated and modifiable
lifestyle factor that can help increase or maintain muscle mass and strength throughout aging.
Although the amount of protein consumed has been investigated frequently, other dimensions of
protein intake, namely its distribution and quality, have received less attention by researchers. In
addition to this, a definition of muscle quality has not been set. Research investigating the effects
of protein distribution and quality on muscle mass and strength should also strive to investigate
measures of muscle quality in an effort to reach a consensus.

2.6. Research Questions

2.6.1. Echogenicity and Specific Force

Echogenicity and specific force are thought to both assess the same factor: muscle
quality. However, there are methodological differences between the two measures; most notably,
echogenicity is not dependent on human performance, whereas specific force is. As both these
measures are intended to determine the same variable, they should be highly correlated.

2.6.2. Protein Intake Distribution
A recent systematic review>’ indicated that more even distribution of protein is related to

greater muscle mass but not strength. However, there was a wide degree of heterogeneity in the
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methods used to assess protein intake distribution. Beyond these differences, several studies

245,249,250,257.260 5 critical limitation. More

failed to control for total or relative protein intake,
complete statistical models that control for total or relative protein intake in addition to other
confounders such as age, MVPA, and sex should better reflect the effects of protein intake
distribution on muscle mass and performance.
2.6.3. Protein Quality

The quality of protein consumed affects muscle health.!7>2942! Protein quality has been
determined using two methods the PDCAAS?%%25 and DIASS, 2265 but PDCAAS and DIAAS
values are not available for all foods. Regardless of which method is used, dietary proteins from
animals tend to have better protein quality.’>?% Thus, those with greater intakes of animal-based
protein should have more muscle mass and perform better than those who eat less. However,
protein quality is not the same as dietary quality, and some foods, whole milk for instance,

despite having high quality protein are also sources of saturated fat and sugars that limit their

nutritional quality.
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3. METHODS
Data for this project are from three cross-sectional studies, two separate studies

performed using middle-aged men and later women (i.e., “Beef protein intake, physical activity,
and muscle quality in middle-aged men” and “Beef protein intake, physical activity, and muscle
quality in middle-aged women”) and the third performed with women aged 18 to 80 (i.e., "The
influence of animal-based protein and beef consumption on ability to perform functional
activities, muscle quality and bone mineral density among adolescent to older females").
Although the goals and methodologies of the three studies are similar, there are differences other
than the populations examined within the three studies. The methods of the first two studies
performed in middle-aged men and women are nearly identical and will be analyzed together.
The third project examining women aged 18 to 80 will be analyzed separately.

3.1. Beef Protein Intake, Physical Activity, and Muscle Quality in Middle-aged Men and

Women
These two studies were conducted in the North Dakota State University Healthy Aging

Lab from October 2016 to December 2018. A total of 50 women and 41 men from the local
community were recruited using e-mail, flyers, and word-of-mouth to visit the research lab for
two sessions. During the first session, anthropometric, ultrasonographic, and performance
variables were measured, and accelerometers and three-day food diaries were provided. Within 7
to 14 days later, participants returned their accelerometers and their completed food diaries to the
lab. Participants were between 40 and 67 years of age, not currently using any nicotine product,
free of any untreated or nonresponsive diseases or conditions including neuromuscular disease or
conditions such as diabetes that might undermine muscle health, ambulatory without any

assistance, and had to include both animal-based and plant-based foods in their diets. Participants
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were screened using, a diabetes risk screener, the 2011 Physical Activity Readiness
Questionnaire,”’* a more detailed health history questionnaire, and an orthostatic hypotension
test. Participants were also instructed to refrain from exercise and strenuous physical activity at
least 48 hours prior to the first session. The study was approved by the North Dakota State
University Institutional Review Board (IRB) (#HE26929, Appendix A; #HE26153 Appendix B)
and complied with the Helsinki Declaration of 2013. Written informed consent was obtained
from all participants in this study.
3.1.1. Participant Health Screening and Anthropometric Measures

To screen participants for orthostatic hypotension, related to regulatory and safety
concerns set forth by the IRB, resting blood pressure and standing blood pressure were measured
manually with a stethoscope and Diagnostix 703 sphygmomanometer (American Diagnostic
Corporation, Hauppauge, NY). Those whose blood pressure dropped by more than 10 mm Hg,
either systolic or diastolic, from resting to standing during the orthostatic hypotension test were
excluded (n = 0). Following the orthostatic hypotension test, anthropometric variables were
measured. Age (years) was self-reported. Height , to the nearest 0.1 cm, was measured using a
stadiometer (Seca 213, Chino, CA) and body mass. to the nearest 0.1 kg, was recorded using a
digital balance (Denver Instrument DA-150, Arvada, CO). Waist and hip circumferences were
completed using a Gulick (Fitness Mart Division of Country Technology Inc., Gays Mills, WI)
spring-loaded measuring tape to the nearest mm.

3.1.2. Ultrasonography

Images of the right rectus femoris muscle were captured using a Philips ultrasound

system (model HD11 XE; Bothell, WA) with a L12-5 50 mm linear array probe by three trained

research assistants. Images were taken while participants were standing at marked sites 50% and
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75% of the measured distance from the superior iliac spine of the hip to the lateral condyle of the
knee. Participants were instructed to use their left leg as a base of support, while relaxing their
right, resulting in a slight bend in the right knee. Previous works have shown high test-retest
reliability of ultrasound measures of muscle thickness of healthy adults taken in the standing
position.?>27% A more recent study found the intraclass correlation coefficient (ICC) for standing
measures of the anterior thigh muscles was 0.89, while the ICC for the same measures taken
while participants were recumbent was 0.90.27” Following generous application of ultrasonic gel,
the probe was placed on the skin perpendicular to the leg and light, consistent pressure was
applied to avoid excessive depression of the dermal surface until a full, clear image was
obtained. The probe was removed from participants’ skin between each image acquisition, and
markings were used to ensure the same area was measured. Because participants were younger
and likely have greater muscle size, the panoramic feature was used at the 50% site to record the
entire transverse rectus femoris.*’® For panoramic ultrasonography, the lateral side of the right
rectus femoris was identified, and the probe was moved medially until the entire transverse
rectus femoris was recorded. B-mode image captures were taken at the 75% site where
transverse sections of the rectus femoris are smaller. Three images were captured at each site
using a frequency of 37 Hz with a standardized depth of 7 cm and gain of 100%.

After each image was captured, a 1 cm line was added to each image to act as a known
distance during analysis. Images were transferred to personal computers, calibrated, and
analyzed. ImageJ software (version 1.42) was used to analyze echogenicity, cross-sectional area
(CSA), and muscle thickness.'?® Echogenicity was defined as the mean pixel intensity of the
rectus femoris measured in arbitrary units (A.U.) ranging between 0 (i.e., black) and 255 (i.e.,

white). Anatomical muscle CSA was determined by tracing the inside of the epimysium of the
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rectus femoris using the polygon tool. Rectus femoris thickness was assessed with a single
measurement using the straight-line tool; using ImageJ, a line was made through the largest,
middle portion of the muscle perpendicular to the skin. Intraclass correlation coefficients (ICC)
were used to examine the reliability of these analyses. All three research assistants completed
reliability training prior to being allowed to be an operator for the testing in the study. The test-
retest reliability of three images obtained by the research assistants using intraclass correlation
coefficients (ICCs) and 95% confidence intervals were as follows: panoramic muscle thickness =
0.98 [0.90, 0.95], B-mode muscle thickness = 0.98 [0.97, 0.99], panoramic muscle area = 0.95
[0.93, 0.96], B-mode muscle area =0.97 [0.97, 0.98], panoramic muscle echogenicity = 0.98
[0.97, 0.98], B-mode echogenicity = 0.81 [0.75, 0.87]. For consistency, these measurements were
all analyzed by the same member of the research team. The mean of each participant’s values
across the three images at each site (i.e., 50% and 75%) will be used in analyses. Figure 1

displays an example of muscle thickness and CSA captured and analyzed at each site.
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Figure 1. Examples of rectus femoris muscle thickness and CSA captured via ultrasonography
for one participant. (a) Rectus femoris muscle thickness at 50% of leg length captured using the
panoramic feature. (b) Same as A but showing muscle CSA. (¢) Rectus femoris muscle thickness
at 75% of leg length captured using a standardized B-mode image. (d) Same as C but showing
muscle CSA.
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3.1.3. Performance Measures

Participants performed a self-paced, low to moderate intensity warm-up for five minutes
using a cycle ergometer. Muscle strength and endurance of the lower body were tested using
isokinetic dynamometry on a Biodex Pro IV System (Biodex Medical Systems, Shirley, NY).
Lower body muscular strength was assessed using peak torque performed during a three-
repetition test at 60° per second for knee extension-flexion and a three-repetition test at 30° per
second for plantar-dorsiflexion. Lower body muscular endurance was evaluated using the total
amount of work performed during a 21-repetition test at 180° per second for knee extension-
flexion and 60° per second for plantar-dorsiflexion.>”” Muscular strength and then endurance
were first assessed in upper leg (i.e., knee extension-flexion) and then in the lower leg (i.e.,
plantar-dorsiflexion). A warm-up set was completed before each lower-body strength test (i.e.,
knee extension-flexion, and plantar-dorsiflexion); participants were instructed to perform three
repetitions at <75% of their perceived maximal effort. Thirty seconds of rest was given between
all extension-flexion tests. One minute of rest was provided between plantar-dorsiflexion tests.
To optimize performance, participants were encouraged to employ “all-out effort” by research
staff during all muscle function tests. To better capture muscular performance of the entire right
leg, peak torques from the isokinetic strength test and total work from the isokinetic endurance
test were added together to create summed peak torque and summed total work (i.e., knee
extension + knee flexion + plantarflexion + dorsiflexion).

Maximal handgrip strength (kg) was assessed using an analog Jamar Handheld
Dynamometer (Bolingbrook, IL). Participants were instructed to grasp the dynamometer in their
dominant hand and to keep their elbow at their side with a 90° bend between the upper arm and

forearm, while standing. Participants were told to squeeze the dynamometer as hard as possible

46



for two to three seconds. Each participant performed three maximal attempts; the highest grip
strength was used.

Participants then performed a 30-second chair stand test on a chair with a 43cm floor-to-
seat height. All trials were performed with participants’ arms crossed and feet at a comfortable
distance apart (i.e., about hip to shoulder width). With a straight back, participants were
instructed to fully sit down and stand-up for each repetition, and practice repetitions were
performed to ensure adequate performance during the test. The total number of repetitions
completed in 30-second period was recorded, and the 30-second period began when participants
started to rise.

3.1.4. Physical Activity Assessment

Following performance testing, participants were given accelerometers and three-day
food diaries. Physical activity was recorded using Actigraph (Pensacola, FL) GT9X
accelerometers. Participants were instructed to wear accelerometers on their right hip during all
waking hours, excluding activities where the device may get wet (e.g., bathing or swimming), for
a period of one week and to keep a sleep log to record the time that the accelerometer was
removed at night and put back on in the morning. The raw acceleration data were collected at
80Hz, and processed in R software (http://cran.r-project.org) using the GGIR package (version
1.10-10).2* Non-wear time was defined as intervals of at least 90 minutes of zero counts with
allowance of two-minute interval of non-zero counts within a 30-minute window,?*° thus only
valid time during waking hours of each day was included for statistical analyses. Although
accelerometry captures many aspects of physical activity (e.g., sedentary time, light physical
activity, etc.,), moderate-to-vigorous physical activity (MVPA) will be included in analyses

because of its relationship with performance variables.?8!-2%2
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3.1.5. Nutrition Analysis

During recruitment, participants received classroom food diary training that was provided
by a registered, licensed dietitian. Then, after performance testing, participants were given three-
day food diaries and the Arizona Food Frequency Questionnaire (FFQ) and reviewed the food
diary training and associated portion and other guiding handouts with a member of the research
team. Dietary intakes from three-day food diaries, including nutritional supplements, were
entered into Food Processor Nutrition Analysis Software (ESHA Research, Salem, OR) which
uses Food Data Central (i.e., the USDA Nutrient Database)?®® by trained research assistants. Data
entry, including animal- and plant-based protein intakes, were then line-by-line verified by a
registered dietitian. Food items that contained less than 1g of total protein were excluded from
these calculations. Foods containing both animal- and plant-based protein were split according to
their ingredients to distinguish protein sources. Animal-based protein sources included meat, fish
and seafood, dairy, eggs, poultry, and wild game.
3.1.6. Statistical Analyses

Three male participants could not be included in analyses of ultrasonography because the
ultrasound machine suffered a catastrophic failure near the very end of the data collection
window, precluding ultrasonography for these male participants. Thus, all analyses related to
ultrasonography have 88 as opposed to 91 participants. Separate multiple-linear regression
models will be also used to evaluate the relationship between echogenicity and specific force of
the rectus femoris, two measures of muscle quality. All aforementioned regression models will
be adjusted for sex (i.e., 0 = women, 1 = men), age, and BMI, because these variables are

routinely collected in both clinical and research settings.
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All participants completed a three-day food diary, all performance measures (i.e.,
isokinetic dynamometry, handgrip strength, and 30-second chair stand test), and wore an
accelerometer. For our analyses investigating nutritional variables, simple linear regression
models will be used to verify that estimates of animal-based and plant-based protein intakes
together agree with total protein intake. Animal-based and plant-based protein intakes,
determined by line-by-line analysis of three-day food diaries by a registered dietitian and
expressed either as relative intakes or percentages of energy intakes, will be entered as predictor
variables and total protein, without partitioning into animal- or plant-based protein intakes, will
be the outcome variable.

Analyses of nutritional data are complicated by the shared variance of many variables.?*®
Energy intake and macronutrient intakes, which will be examined in this work, are directly
related, that is, a person’s macronutrient intake, plus alcohol intake, determines their energy
intake (i.e., protein + carbohydrates + fat = energy). Therefore, when analyzing dietary variables,
relative energy (kcals/kg/day) and the relative intakes of all the macronutrients (g/kg/day) cannot
be entered simultaneously. Pearson Product-Moment Coefficients will be used to examine the
collinearity of both relative macronutrient intakes and macronutrient intakes as percentages of
energy intake with one another and with relative energy intake. Although there are other
methodologies, the nutrient density approach?*® will be used where relative energy intake
(kcal/kg/day) and the intake of the macronutrients as percentages of energy intake were included
in our analyses. This method allows one to control for both relative energy intake and
macronutrient intakes in statistical models.

Mixed linear models will be used to evaluate the impact of animal-based protein intake

on muscular performance. The 41 men and 50 women will first be blocked according to self-
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reported sex (0 = women, 1 = men). Then, each sex will be split at their median of energy intake
from animal-based protein. More specifically, sex and animal-based protein intake (below
median = 0, above median = 1) will be entered as fixed factors. Age, BMI, MVPA, relative
energy intake, and percent energy from protein, fat, and carbohydrates will be entered as
continuous covariates. Models will be evaluated for equality of error of variance using Levene’s
Test of Equality of Variance and for heteroscedasticity using White’s Test of Heteroscedasticity;
mixed models that are significantly unequal in their variances or heteroscedastic will be
transformed using the square root function. Out of an abundance of caution, the HC3 method
will be used to calculate the standard errors of variables as it is more robust to unequal variances,
heteroscedasticity, and multicollinearity than the ordinary least squares method.?3* It was not
hypothesized that there would be interaction between sex and animal-based protein intake, so
only main effects will be examined in these mixed models. For those models in which animal-
based protein intake is significant, effect sizes will be evaluated using partial n. To verify that
animal-based protein intake and not total protein intake is important to performance the same
aforementioned methods will be performed, but each sex will be split at the median of total
protein intake as a percentage of energy intake and animal-based protein intake as a percentage
of energy intake will be included as a continuous covariate.

Estimates of physical activity from accelerometry are considered valid when the devices
are worn for 10 hours per day for at least four days,?®* and three participants failed to meet these
criteria despite instruction to wear the devices during all waking hours for one week.
Nonetheless, all other participants achieved at least four or more days including one weekend
day with an average of 10 or more hours of time wearing the device. These three participants

who failed to wear accelerometers as directed represents a small portion of the sample (3.3%),

50



and physical activity will be included in the mixed models as a covariate; physical activity is not
the focus of this work, but it is essential to control for in our mixed models evaluating animal-
based protein intake. For these reasons and due to small sample size, particularly when split into
groups, these three participants will be included.

3.2. The Influence of Animal-based Protein and Beef Consumption on Ability to Perform
Functional Activities, Muscle Quality and Bone Mineral Density Among Adolescent to
Older Females

This project was also conducted in the North Dakota State University Healthy Aging Lab
from October 2017 to December 2019. A total of 195 women from the local community were
recruited using e-mail, flyers, and word-of-mouth to visit the research lab for two sessions.
During the first session, anthropometric and performance variables were measured, and
accelerometers, three-day food diaries, and Arizona FFQs were provided. Within 7-14 days later,
participants returned to the lab to return their accelerometers and food diaries and have a fasting
capillary blood sample collected. Participants were between 18 and 80 years of age, not currently
using any nicotine product, free of any untreated or nonresponsive diseases or conditions,
ambulatory without any assistance, and had to include both animal-based and plant-based foods
in their diets. Participants were screened using the 2017 Physical Activity Readiness
Questionnaire,?®* a more detailed health history questionnaire, a DXA screener, and an
orthostatic hypotension test. The study was approved by the North Dakota State University
Institutional Review Board (#HE18010; Appendix D) and complied with the Helsinki

Declaration of 2013. Written informed consent was obtained from all participants in this study.
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3.2.1. Participant Health Screening and Anthropometric Measures

Again, to screen participants for orthostatic hypotension, related to regulatory and safety
concerns set forth by IRB, resting blood pressure and standing blood pressure were measured
manually with a stethoscope and Diagnostix 703 sphygmomanometer (American Diagnostic
Corporation, Hauppauge, NY). Those whose blood pressure dropped by more than 10 mm Hg,
either systolic or diastolic, from resting to standing during the orthostatic hypotension test were
excluded (n = 0). Following the orthostatic hypotension test, anthropometric variables were
measured. Age (years) was self-reported. Height, to the nearest 0.1cm was measured using a
stadiometer (Seca 213, Chino, CA) and body mass, to the nearest 0.1kg was recorded using a
digital balance scale (Denver Instrument DA-150, Arvada, CO). Waist and hip circumferences
were completed using a Gulick (Fitness Mart Division of Country Technology Inc., Gays Mills,
WI) spring-loaded measuring tape to the nearest mm.
3.2.2. Performance Measures

Prior to performance testing, participants completed a light, self-paced, five-minute
warm-up on a cycle ergometer. Handgrip strength (kg) was assessed first using an analog Jamar
Handheld Dynamometer (Bolingbrook, IL). Participants were instructed to grasp the
dynamometer in their dominant hands and to keep their elbows at their sides with a 90° bend
between the upper arms and forearms in standing position. Participants were told to squeeze the
dynamometer as hard as possible for two to three seconds. Each participant performed three
maximal attempts; the highest grip strength was used. Gait speed was then measured using a
Brower TCi system (Draper, UT). Participants were instructed to walk at their normal pace over
a 10m distance. Timing gates were placed 6m apart. Gait speed was recorded three times, and

mean time was used in analyses. Participants then performed a 30s chair-stand test on a 43cm
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chair. All trials were performed with participants’ arms crossed and feet at a comfortable
distance apart (i.e., about hip to shoulder width). Participants were instructed to fully sit down
and stand up for each repetition, and practice repetitions were performed to ensure adequate
performance during the test. The total number of repetitions completed in 30s was recorded.
Participants were seated, and the 30s period began when participants started to rise.

After these three assessments, muscle strength and endurance of the lower body were
tested using isokinetic dynamometry on a Biodex Pro IV System (Biodex Medical Systems,
Shirley, NY) in a manner identical to that of the previous studies. Lower body muscular strength
was assessed using peak torque performed during a three-repetition test at 60° per second for
knee extension-flexion and a three-repetition test at 30° per second for plantar-dorsiflexion.
Lower body muscular endurance was evaluated using the total amount of work performed during
a 21-repetition test at 180° per second for knee extension-flexion and 60° per second for plantar-
dorsiflexion.?” Muscular strength and then endurance were first assessed in upper leg (i.e., knee
extension-flexion) and then in the lower leg (i.e., plantar-dorsiflexion). A warm-up set was
completed before each lower-body strength test (i.e., knee extension-flexion, and plantar-
dorsiflexion); participants were instructed to perform three repetitions at <75% of their perceived
maximal effort. Thirty seconds of rest was given between all extension-flexion tests. One minute
of rest was provided between plantar-dorsiflexion tests. To optimize performance, participants
were encouraged to employ “all-out effort” by research staff during all muscle function tests.
Again, to better capture muscular performance of the entire right leg, peak torques from the
isokinetic strength test and total work from the isokinetic endurance test were added together to
create summed peak torque and summed total work (i.e., knee extension + knee flexion +

plantarflexion + dorsiflexion).
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3.2.3. Physical Activity Assessment

Following performance testing, accelerometers, three-day food diaries, and ARIZONA
FFQs were given to participants. Physical activity was recorded using Actigraph (Pensacola, FL)
GT9X accelerometers worn on the non-dominant wrist, as opposed to the hip as in the case of the
previous works, for seven consecutive days. Participants were instructed to wear the
accelerometer during all waking hours except activities involving water (e.g., bathing or
swimming). The raw acceleration data were collected at 80Hz, and processed in R software using
the GGIR package (version 1.10-10).%2* A sleep log was provided to help delineate non-wear
time from time spent sleeping. Non-wear time was defined as intervals of at least 90 minutes of
zero counts with allowance of two-minute interval of non-zero counts within a 30 minute

280 thus only valid time during waking hours of each day was included for statistical

window,
analyses. The minimum number of wear days was four, including one weekend or one non-
routine day, over the weeklong collection period, with a minimum wear time of 10h/day.
3.2.4. Nutrition Analysis

Similar to the previous two studies, participants were also given three-day food diaries
and received training on how to record dietary intake by a member of the research team.
Participants were also required to watch a prerecorded training video. Dietary intakes from three-
day food diaries, including nutritional supplements, were entered into Food Processor Nutrition
Analysis Software (ESHA Research, Salem, OR) which uses Food Data Central (i.e., the USDA
Nutrient Data Base)*® by trained research assistants. Data entry was then line-by-line verified by
a registered dietitian. Animal- and plant-based protein intakes were estimated using a line-by-

line examination of dietary intake by a registered dietitian. Food items that contained less than 1g

of total protein were excluded from these calculations. Foods containing both animal- and plant-
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based protein were split according to their ingredients to distinguish protein sources. Animal-
based protein sources included meat, fish and seafood, dairy, eggs, poultry, and wild game.

Participants were also given the Arizona FFQ. The Arizona FFQ is a validated®® 153
item questionnaire that can be scanned and read by a computer. For this project, participants
were asked to recall their intakes over the last three months. As the three-day food diary asks
participants to record their intakes in real-time and the Arizona FFQ ask participants about their
intake over the last several months, the two methods do not assess exactly the same nutritional
variables; the former represents immediate intake, whereas the latter represents some level of
historical intake. Nonetheless, the Arizona FFQ was validated against data from three-day food
diaries,?®® and three-day food diaries were more related to intake assessed across a year-long
period than a FFQ.'%® As this project lacked a measure of criterion validity for dietary intake (i.e.,
an objective measure of dietary intake was not performed), the data from the ARIZONA FFQ
will be used to verify estimates from the three-day food diaries.
3.2.5. Follow-up Visit

After 7 to 14 days, participants returned to the lab to turn in accelerometers, food diaries,
and food frequency questionnaires, have their body composition measured, and give a blood
sample. Body composition was measured using DXA on a Lunar Prodigy, model #8915 (GE
Healthcare, Waukesha, WI), with enCORE software.
3.2.6. Statistical Analyses

A total of 192 women completed both a three-day food diary and the Arizona FFQ and
wore an accelerometer for at least 10 hours a day for four or more days. Unlike the previous

studies in middle-aged men and women, three participants will be excluded from analyses
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because they failed to wear the accelerometer as directed. Thus, all analyses will have at most
192 participants.

First, total and relative intakes, including the percent of energy from each of the
macronutrients, will be verified using paired t-tests between data from the three-day food diary
and the Arizona FFQ. Next, similar to the analysis of the previous studies, simple linear
regression models will be used to verify that estimates of animal-based and plant-based protein
intakes together agreed with total protein intake. Then, animal-based and plant-based protein
intakes, determined by line-by-line analysis of three-day food diaries by a registered dietitian and
expressed either as relative intakes or percentages of energy intakes, will be entered as predictor
variables and total protein, without partitioning into animal- or plant-based protein intakes, will
be the outcome variable.

Then, to examine the effects of protein intake distribution, data collected from three-day
food diaries were blocked into three periods: waking to 11:30, afternoon, 11:31 to 16:30 and
evening after 16:30. Protein intakes of 0.24 g/kg or more per meal or of 25 grams or more per
meal during one of these periods will be recorded as “1”’s and will be summed to create two
ordinal variables each with four levels, achieving greater than 0.24 g/kg per meal or 25 grams at
0, 1, 2, or 3 periods. These ordinal variables will be entered into multiple linear regression
models controlling for age, BMI, MVPA, relative energy intake, and percent of energy from
carbohydrates, fats, and proteins.

To investigate the role of animal-based protein dietary intake in muscle health, the
sample will be subdivided into four cohorts: college-aged women (18 — 25), young women (26 —
45), middle-aged women (46 — 60 years), and older women (61 — 79). Multiple linear regression

models will be used to investigate the effects of animal-based protein intake for each cohort and
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in aggregate. Animal-based protein intake will be expressed as a continuous variable; more
specifically, it will be represented as animal-based protein intake divided by total protein intake
times 100 (i.e., the percentage of total protein from animal-based sources). This variable will be
simultaneously entered into regression equations controlling for age, BMI, MVPA, relative
energy intake, and percent of energy from carbohydrates, proteins, and fats.

Then, to verify these results, regression models where animal-based protein intake,
expressed as the percentage of total protein intake, is the dependent variable and relative energy
intake, and percent of energy from carbohydrates, proteins, and fats are the predictor variables
will be run for each cohort; participants with residuals more than 0.5 standard deviations away
from the regression line will be considered “Low” (Low = 0) or “High” (High = 1) consumers of
animal-based protein. Then, mixed linear models, where measures of muscle health are the
outcome variables, age group and animal-based protein intake (i.e., Low or High) are fixed
factors, and age, BMI, MVPA, relative energy intake, and percent of energy from carbohydrates,
proteins, and fats are entered as continuous covariates, will be used to determine the difference

between those eating more or less animal-based protein.
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4. MEASURES DERIVED FROM PANORAMIC ULTRASONOGRAPHY AND
ANIMAL-BASED PROTEIN INTAKE ARE RELATED TO MUSCULAR
PERFORMANCE IN MIDDLE-AGED ADULTS*"*

To briefly recapitulate methods: although regression models were used to examine the
relationship between echogenicity and specific force, mixed linear models were used to evaluate
the effects of animal-based protein intake and muscle health in the same sample. For these mixed
models, participants (N = 91) from “Beef protein intake, physical activity, and muscle quality in
middle-aged men and women” were first separated according to self-reported sex (female n = 50;
male n = 41) and then split at the median of animal-based protein intake as a percentage of total
intake. Thus, participants’ median self-reported age, measured height, weight, and calculated
BMI are displayed in Table 1 according to these groups even though only gender (women = 0;
men =1) and not animal-based protein intake (below median = 0; above median = 1) were
included in regression models examining echogenicity and specific force. There were no
statistically significant differences between those below or above the median of animal-based
protein intake as a percentage of total energy within each sex when using the Brown- Forsythe
method (i.e., assuming unequal variances).

4.1. Abstract

Ultrasonography advantageously measures skeletal muscle size and quality, but some

muscles may be too large to capture with standardized brightness mode (B-mode) imaging.

Panoramic ultrasonography can capture more complete images and may more accurately

* This chapter is a co-authored manuscript that can be reproduced in its entirety if clearly cited.?®’ It is available in
its final form at DOI: 10.3390/jcm10050988. In addition to collecting data, I Nathaniel R. Johnson, completed all
statistical analyses, wrote the manuscript, and made all revisions.
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measure muscle size. We investigated measurements made using panoramic compared to B-
mode ultrasonography images of the rectus femoris with muscular performance. Concurrently,
protein intake plays an important role in preventing sarcopenia; therefore, we also sought to
investigate the association between animal-based protein intake and muscular performance.
Ninety-one middle-aged adults were recruited. Muscle cross-sectional area (CSA) and thickness
were obtained using B-mode and panoramic ultrasound and analyzed with Image J software.
Muscular performance was assessed using isokinetic dynamometry, a 30-s chair test, and
handgrip strength. Three-day food diaries estimated dietary intakes. Linear regression models
determined relationships between measures from ultrasonography and muscular performance.
Mixed linear models were used to evaluate the association between animal-based protein intake
and muscular performance. Muscle CSA from panoramic ultrasonography and animal-based
protein intake were positively associated with lower-body strength (f + S.E.; CSA, 42.622 +
20.024, p = 0.005; animal-based protein intake, 65.874 £ 19.855, p = 0.001), lower-body
endurance (B = S.E.; CSA, 595 + 200.221, p = 0.001; animal-based protein intake, 549.944 +
232.478, p = 0.020), and handgrip strength (B = S.E.; CSA, 6.966 + 3.328, p = 0.004; animal-
based protein intake, 0.349 = 0.171, p = 0.045). Panoramic ultrasound shows promise as a
method for assessing sarcopenia. Animal-based protein intake is related to better muscular
performance.
4.2. Introduction

Earlier and more frequent assessments of muscle strength, mass, size, and quality and
physical performance could help prevent sarcopenia by indicating a need for treatment or other
intervention. According to the European Working Group on Sarcopenia in Older People 2, low

muscle strength is the first criteria of sarcopenia, and low muscle mass or quality is the second;
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both must be assessed to determine sarcopenia.’” Low physical performance in addition to low
muscle strength and quantity is considered severe sarcopenia.’” Measures of muscle strength,
such as handgrip strength, and physical performance, (e.g. 30-second chair stand), however, can
be performed with minimal equipment and are used across various settings.” Although several
methods can be used to accurately assess muscle quantity and quality such as computed
tomography (CT), magnetic resonance imaging (MRI), and dual x-ray absorptiometry, these
techniques require expensive equipment and are not portable, limiting their utility.
Ultrasonography is a portable and relatively low-cost method of assessing muscle size,?*® making
it a potentially useful tool for evaluating sarcopenia for clinical or research purposes.'??%
Beyond this, ultrasonography records a measure of muscle quality in the form of echogenicity or

echo intensity,®?!148

making ultrasound a potentially more powerful tool than bioelectrical
impedance for assessing sarcopenia or signs of pre-sarcopenia in middle age.

Others have used ultrasonography to successfully diagnose sarcopenia.*®!%2% However,
two of these studies were performed with either frail elderly patients or older adults diagnosed
with chronic kidney disease.!?®?% Not only are the causes of sarcopenia thought to start earlier in
life,>” making middle-aged-adults a population of interest, but also older adults often have
smaller muscles that can be captured using a traditional ultrasound image at 50% of leg length.
Although Ismail and colleagues*® were able to discriminate between those with sarcopenia and
those without in a younger cohort, they did this by using longitudinal and not transverse images
of the rectus femoris. The crux of the issue is that in populations that have greater muscle mass at
the midpoint of the thigh, such as younger populations, the entire transverse rectus femoris may

be too large to capture in one image.”’® Assuming the goal is to image the entire transverse rectus

femoris, then there are two workarounds: one is to use a feature, like the panoramic feature, to
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record the entire rectus femoris at the midpoint of the thigh, and the other is to move the
imaging site distally down the leg where the rectus femoris has smaller transverse sections.

I*°! but to our

Other researchers have validated panoramic ultrasound of the quadriceps with MR
knowledge, the relationship between ultrasonographic measures of the transverse rectus femoris
captured using the panoramic feature and muscular performance, in particular that of the knee
extensors, has not been investigated. Because muscle strength is more closely related to
sarcopenia than muscle mass,>”’ the association warranted investigation.

Beyond this, specific force, the amount of force produced per unit of muscle, like
echogenicity,’! is considered a measure of muscle quality.*’ Although echogenicity of the rectus
femoris is related to muscle quality assessed using CT,!% and to a lesser extent knee extensor
strength,?¢ the echogenicity of the rectus femoris has not been directly related to the specific
force of the muscle. However, Ismail and colleagues*® reported a significant relationship between
echogenicity of rectus femoris and handgrip strength relative to bodyweight, a crude measure of
specific force. If echogenicity and specific force reflect the muscle quality of the rectus femoris,
then they should be closely related. We also sought to determine this relationship.

Outside of assessing the condition, nutrition is another important consideration for
preventing and treating sarcopenia. Although there are many nutritional factors that can impact
sarcopenia,’! dietary protein is perhaps of greatest interest because of its ability to stimulate
muscle protein synthesis.!”® Recently though, the role of protein intake in performance has come
into question, with one group finding no relationship between protein intake and measures of
muscular performance, such as handgrip strength, knee extensor strength, and 30-second chair

stand test performance.?** Foods from animal and plant sources, of course, differ in their

digestibility and amino acid content,*? and therefore in their ability to stimulate muscle protein
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synthesis.>* Due to the differential impact that animal-based protein has on muscle protein
synthesis, we secondarily sought to determine the relationship between animal-based protein
intake and lower-body strength and endurance, handgrip strength, and 30-second chair stand
performance, measures of muscular performance.
4.3. Methods

This was a cross-sectional study conducted in the North Dakota State University Healthy
Aging Lab from October 2016 to December 2018. A total of 50 women and 41 men from the
local community were recruited using e-mail, flyers, and word-of-mouth to visit the research lab
for two sessions. During the first session, anthropometric, ultrasonographic, and performance
variables were measured, and accelerometers and three-day food diaries were provided. Within 7
to 14 days later, participants returned their accelerometers and their completed food diaries to the
lab. Participants were between 40 and 67 years of age, not currently using any nicotine product,
free of any untreated or nonresponsive diseases or conditions including neuromuscular disease or
conditions such as diabetes that might undermine muscle health, ambulatory without any
assistance, and had to include both animal-based and plant-based foods in their diets. Participants
were screened using the 2011 Physical Activity Readiness Questionnaire,?’* a more detailed
health history questionnaire, and an orthostatic hypotension test. Participants were also instructed
to refrain from exercise and strenuous physical activity at least 48 hours prior to the first session.
The study was approved by the North Dakota State University Institutional Review Board
(#HE26929 & 26153) and complied with the Helsinki Declaration of 1983. Written informed

consent was obtained from all participants in this study.
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4.3.1. Participant Health Screening and Anthropometric Measures

To screen participants for orthostatic hypotension, related to regulatory and safety
concerns, resting blood pressure and standing blood pressure were measured manually with a
stethoscope and Diagnostix 703 sphygmomanometer (American Diagnostic Corporation,
Hauppauge, NY). Those whose blood pressure dropped by more than 10 mm Hg, either systolic
or diastolic, from resting to standing during the orthostatic hypotension test were excluded (n =
0). Following the orthostatic hypotension test, anthropometric variables were measured. Age
(years) was self-reported. Height (cm) was measured using a stadiometer (Seca 213, Chino, CA)
and body mass (kg) was recorded using a digital balance (Denver Instrument DA-150, Arvada,
CO).
4.3.2. Ultrasonography

Images of the right rectus femoris muscle were captured using a Philips ultrasound
system (model HD11 XE; Bothell, WA) with a L12-5 50 mm linear array probe used by three
trained research assistants. Images were taken while participants were standing at marked sites
50% and 75% of the measured distance from the superior iliac spine of the hip to the lateral
condyle of the knee. Participants were instructed to use their left leg as a base of support, while
relaxing their right, resulting in a slight bend in the right knee. Previous works have shown high
test—retest reliability of ultrasound measures of muscle thickness of healthy adults taken in the
standing position.?”>?’® A more recent study found the intraclass correlation coefficient (ICC) for
standing measures of the anterior thigh muscles was 0.89, while the ICC for the same measures
taken while participants were recumbent was 0.90.2”” Following generous application of
ultrasonic gel, the probe was placed on the skin perpendicular to the leg and light, consistent

pressure was applied to avoid excessive depression of the dermal surface until a full, clear image
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was obtained. The probe was removed from participants’ skin between each image acquisition,
and markings were used to ensure the same area was measured. Because our participants were
younger and likely have greater muscle size, the panoramic feature was used at the 50% site to
record the entire transverse rectus femoris.’® For panoramic ultrasonography, the lateral side of
the right rectus femoris was identified, and the probe was moved medially until the entire
transverse rectus femoris was recorded. B-mode image captures were taken at the 75% site
where transverse sections of the rectus femoris are smaller. Three images were captured at each
site using a frequency of 37 hz with a standardized depth of 7 cm and gain of 100%.

After each image was captured, a 1 cm line was added to each image to act as a known
distance during analysis. Images were transferred to personal computers, calibrated, and
analyzed. ImageJ software (version 1.42) was used to analyze echogenicity, cross-sectional area
(CSA), and muscle thickness.'?® Echogenicity was defined as the mean pixel intensity of the
rectus femoris measured in arbitrary units (A.U.) ranging between 0 (i.e., black) and 255 (i.e.,
white). Anatomical muscle CSA was determined by tracing the inside of the epimysium of the
rectus femoris using the polygon tool. Rectus femoris thickness was assessed with a single
measurement using the straight-line tool; using ImageJ, a line was made through the largest,
middle portion of the muscle perpendicular to the skin. Intraclass correlation coefficients (ICC)
were used to examine the reliability of these analyses. All three research assistants completed
reliability training prior to being allowed to be an operator for the testing in the study. The test-
retest reliability of three images obtained by the research assistants using intraclass correlation
coefficients (ICCs) and 95% confidence intervals were as follows: panoramic muscle thickness =
0.98 [0.90, 0.95], B-mode muscle thickness = 0.98 [0.97, 0.99], panoramic muscle area = 0.95

[0.93, 0.96], B-mode muscle area =0.97 [0.97, 0.98], panoramic muscle echogenicity = 0.98
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[0.97, 0.98], B-mode echogenicity = 0.81 [0.75, 0.87]. For consistency, these measurements were
all analyzed by the same member of the research team. The mean of each participant’s values
across the three images at each site (i.e., 50% and 75%) were used in our analyses. Figure 2

displays an example of muscle thickness and CSA captured and analyzed at each site.

Figure 2. Examples of rectus femoris muscle thickness and CSA captured via ultrasonography
for one participant. (a) Rectus femoris muscle thickness at 50% of leg length captured using the
panoramic feature. (b) Same as A but showing muscle CSA. (¢) Rectus femoris muscle thickness
at 50% of leg length captured using a traditional image. (d) Same as C but showing muscle cross
sectional area.

4.3.3. Performance Measures
Participants performed a self-paced, low to moderate intensity, warm-up for five minutes

using a cycle ergometer. Muscle strength and endurance of the lower body were tested using
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isokinetic dynamometry on a Biodex Pro IV System (Biodex Medical Systems, Shirley, NY).
Lower body muscular strength was assessed using peak torque performed during a three-
repetition test at 60° per second for knee extension-flexion and a three-repetition test at 30° per
second for plantar-dorsiflexion. Lower body muscular endurance was evaluated using the total
amount of work performed during a 21-repetition test at 180° per second for knee extension-
flexion and 60° per second for plantar-dorsiflexion.>”” Muscular strength and then endurance
were first assessed in upper leg (i.e., knee extension-flexion) and then in the lower leg (i.e.,
plantar-dorsiflexion). A warm-up set was completed before each lower-body strength test (i.e.,
knee extension-flexion, and plantar-dorsiflexion); participants were instructed to perform three
repetitions at <75% of their perceived maximal effort. Thirty seconds of rest was given between
all extension-flexion tests. One minute of rest was provided between plantar-dorsiflexion tests.
To optimize performance, participants were encouraged to employ “all-out effort” by research
staff during all muscle function tests. To better capture muscular performance of the entire right
leg, peak torques from the isokinetic strength test and total work from the isokinetic endurance
test were added together to create summed peak torque and summed total work (i.e., knee
extension + knee flexion + plantarflexion + dorsiflexion).

Maximal handgrip strength (kg) was assessed using an analog Jamar Handheld
Dynamometer (Bolingbrook, IL). Participants were instructed to grasp the dynamometer in their
dominant hand and to keep their elbow at their side with a 90° bend between the upper arm and
forearm, while standing. Participants were told to squeeze the dynamometer as hard as possible
for two to three seconds. Each participant performed three maximal attempts; the highest grip

strength was used.
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Participants then performed a 30-second chair stand test on a chair with a 43cm floor-to-
seat height. All trials were performed with participants’ arms crossed and feet at a comfortable
distance apart (i.e., about hip to shoulder width). With a straight back, participants were
instructed to fully sit down and stand up for each repetition, and practice repetitions were
performed to ensure adequate performance during the test. The total number of repetitions
completed in 30-second period was recorded, and the 30-second period began when participants
started to rise.

4.3.4. Physical Activity Assessment

Following performance testing, participants were given accelerometers and three-day
food diaries. Physical activity was recorded using Actigraph (Pensacola, FL) GT9X
accelerometers. Participants were instructed to wear accelerometers on their right hip during all
waking hours, excluding activities where the device may get wet (e.g., bathing or swimming), for
a period of one week and to keep a sleep log to record the time that the accelerometer was
removed at night and put back on in the morning. The raw acceleration data were collected at
80Hz, and processed in R software using the GGIR package (version 1.10-10).22* Non-wear time
was defined as intervals of at least 90 minutes of zero counts with allowance of two-minute

280 thus only valid time during waking

interval of non-zero counts within a 30-minute window,
hours of each day was included for statistical analyses. Although accelerometry captures many

aspects of physical activity (e.g., sedentary time, light physical activity, etc.,), we decided to use
moderate-to-vigorous physical activity (MVPA) in our analyses because of its relationship with

performance variables.?8!-282
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4.3.5. Nutrition Analysis

After performance testing, participants were also given three-day food diaries, received
training on how to record dietary intakes by a member of the research team, and were required to
watch a prerecorded training video. Dietary intakes from three-day food diaries, including
nutritional supplements, were entered into Food Processor Nutrition Analysis Software (ESHA
Research, Salem, OR) which uses Food Data Central (USDA Nutrient Data Base) by trained
research assistants. Data entry was then line-by-line verified by a registered dietitian. Animal-
and plant-based protein intakes were estimated using a line-by-line examination of dietary intake
by a registered dietitian. Food items that contained less than 1g of total protein were excluded
from these calculations. Foods containing both animal- and plant-based protein were split
according to their ingredients to distinguish protein sources. Animal-based protein sources
included meat, fish and seafood, dairy, eggs, poultry, and wild game.
4.3.6. Statistical Analyses

Alpha was set at 0.05 and all statistics were performed in SPSS version 27 (IBM,
Armonk, NY). Three male participants could not be included in analyses of ultrasonography
because our ultrasound machine suffered a catastrophic failure near the very end of the data
collection window, precluding ultrasonography for these male participants. Thus, all analyses
related to ultrasonography have 88 as opposed to 91 participants. We used multiple-linear
regression models to determine the relationships between variables derived from ultrasonography
(i.e., rectus femoris muscle thickness, echogenicity, and CSA) using the two different
methodologies (i.e., panoramic versus B-mode images) and sites (i.e., 50 and 75% of right leg
length) with measures of muscular performance. Each of these variables from ultrasonography

were assessed in separate multiple-linear regression models. Although we consider summed peak
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torque and summed total work to be more representative of lower-body performance, we
specifically included knee extensor peak torque and total work in these analyses because
ultrasonography was used to measure the rectus femoris, one of the knee extensors. Separate
multiple-linear regression models were also used to evaluate the relationship between
echogenicity and specific force of the rectus femoris, two measures of muscle quality. All
aforementioned regression models were adjusted for gender (i.e., 0 = women, 1 = men), age, and
BMI, because these variables are routinely collected in both clinical and research settings.

All participants completed a three-day food diary, all performance measures (i.e.,
isokinetic dynamometry, handgrip strength, and 30-second chair stand test), and wore an
accelerometer. For our analyses investigating nutritional variables, we first used simple linear
regression models to verify that our estimates of animal-based and plant-based protein intakes
together agreed with total protein intake. Animal-based and plant-based protein intakes,
determined by line-by-line analysis of three-day food diaries by a registered dietitian and
expressed either as relative intakes or percentages of energy intakes, were entered as predictor
variables and total protein, without partitioning into animal- or plant-based protein intakes, was
the outcome variable.

Analyses of nutritional data are complicated by the shared variance of many variables.
Energy intake and macronutrient intakes, which we examined in this work, are directly related,
that is, a person’s macronutrient intake, plus alcohol intake, determines their energy intake (i.e.,
protein + carbohydrates + fat = energy). Therefore, when analyzing dietary variables, relative
energy (kcals/kg/day) and the relative intakes of all the macronutrients (g/kg/day) cannot be
entered simultaneously. We used Pearson Product-Moment Coefficients to examine the

collinearity of both relative macronutrient intakes and macronutrient intakes as percentages of
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energy intake with one another and with relative energy intake. Although there are other
methodologies, we chose to include relative energy intake (kcal/kg/day) in our analyses and to
express the intake of the macronutrients as percentages of energy intake. This method allowed us
to control for both relative energy intake and macronutrient intakes in our statistical models.
Mixed linear models were used to evaluate the impact of animal-based protein intake on
muscular performance. The 41 men and 50 women were first blocked according to self-reported
gender (0 = women, 1 = men). Then, each gender was split at their median of energy intake from
animal-based protein. More specifically, gender and animal-based protein intake (below median
= (0, above median = 1) were entered as fixed factors. Age, BMI, MVPA, relative energy intake,
and percent energy from protein, fat, and carbohydrates were entered as continuous covariates.
Models were evaluated for equality of error of variance using Levene’s Test of Equality of
Variance and for heteroscedasticity using White’s Test of Heteroscedasticity; mixed models that
were significantly unequal in their variances or heteroscedastic were transformed using the
square root function. Out of an abundance of caution, we chose to use the HC3 method to
calculate the standard errors of our variables as it is more robust to unequal variances,
heteroscedasticity, and multicollinearity than the ordinary least squares method.?3* We did not
hypothesize that there would be interaction between gender and animal-based protein intake, so
only main effects were examined in these mixed models. For those models in which animal-
based protein intake is significant, we evaluated effect size using partial 2. We also sought to
verify that animal-based protein intake and not total protein intake is important to performance.
We verified our results by performing the same aforementioned methods, but we split each
gender at median of total protein intake as a percentage of energy intake and included animal-

based protein intake as a percentage of energy intake as a continuous covariate.
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Estimates of physical activity from accelerometry are considered valid when the devices
are worn for 10 hours per day for at least four days,?®* and three participants failed to meet these
criteria despite our instruction to wear the devices during all waking hours for one week.
Nonetheless, all other participants achieved at least four or more days including one weekend
day with an average of 10 or more hours of time wearing the device. These three participants
who failed to wear accelerometers as directed represents a small portion of our sample (3.3%),
and physical activity was included in our mixed models as a covariate; physical activity is not the
focus of this work, but we feel it is essential to control for in our mixed models evaluating
animal-based protein intake. For these reasons and due to small sample size, particularly when
split into groups, we decided to include these three participants, using their limited physical
activity data in our analyses.

For our descriptive statistics, we described the four groups from the secondary analyses
in our all of our tables, even though we choose not to investigate the association between animal-
based protein intake and measures from ultrasonography because the three of men who were
precluded from ultrasonography were, coincidently, above the median for animal-based protein
intake as a percentage of energy. Within these tables, we chose to use the Brown-Forsythe
method for comparisons, because we did not assume equal variances. We compared those above
the median of animal-based protein intake as a percentage of energy to those below the median
within each gender, so we did not adjust for multiple comparisons.

4.4. Results

Table 1 describes participants self-reported age, measured height, weight, and calculated

BMI. There were no statistically significant differences between those below or above the

median of animal-based protein intake as a percentage of total energy within each gender.
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Table 1. Participants' age, height, weight, and body mass index by group.

Women Men
Total Below Median  Above Median Total Below Median Above Median
(n =50) (n =25) (n =25) (n=41) (n=21) (n =20)
Age (years)  54.00 55.00 54.00 51.00 55.00 50.00
H(i‘riglt 165.20 164.00 165.50 181.00 176.70 181.05
\Xif)ht 68.30 67.33 69.12 87.7 85.20 92.36
BMI 25.11 24.43 25.54 26.57 26.57 26.32

All values are medians. Comparisons within gender and between those below and above the median for animal-
based protein intake as a percentage of energy intake were made using the Brown-Forsythe method.

Table 2 describes right rectus femoris muscle thickness, echogenicity, and CSA measured
using the panoramic ultrasonography at 50% and B-mode images at 75% of the distance of the
right leg. Within each gender, there were no statistically significant differences in these measures
between those above the median of animal-based protein intake and those below.

Table 2. Rectus femoris muscle thickness, echogenicity, and cross-sectional area assessed via

ultrasonography captured using the panoramic feature at 50% and with regular B-mode images at
75% of the right leg in 88 middle-aged men and women.

Women Men
Total Below Median Above Median ~ Total Below Median Above Median
(n =50) (n=25) m=25  (n=38) (n=21) (m=17)
3 0,
Muscle Théglr‘nr;ess a30% 5 109 2.038 2.178 2339 2275 2345
3 L)
Muscle Thzglligess A% 0907 0.710 0.706 0.994 0.918 1.070
en ;
EChOgeacgy)at >0% 96.70 97.86 96.64 35.90 34.85 41.73
2 .
EChOgeacgy)at 5% 9199 93.34 90.63 81.99 74.56 84.54
[t}
Muscle ((lei‘% ats0% 384 6.569 7.861 10.593 10.470 10.963
o
Muscle ((lei‘% at7s% 957 0.790 1.055 1.934 1.660 2.088

All values are medians. CSA = Muscle Cross-Sectional Area. A.U. = Arbitrary Units. Comparisons within
gender and between those below and above the median for animal-based protein intake as a percentage of energy
intake were made using the Brown-Forsythe method.

Table 3 presents the results of the separate multiple linear regression models investigating
the relationship between different measures derived from ultrasonography and muscular

performance. Measures of rectus femoris size assessed using panoramic ultrasonography were
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less related to knee extensor performance but more strongly related to overall muscular
performance. More specifically, both muscle thickness (p = 0.302) and CSA (p = 0.056) assessed
using the panoramic feature of the right leg were unrelated to knee extensor peak torque, whereas
the same measures assessed using a B-mode image at of the right leg at 75% of leg length were
related to knee extensor peak torque. Similarly, muscle thickness assessed using the panoramic
feature was unrelated to knee extensor total work (p = 0.197). Although muscle CSA captured
with the panoramic feature was related to knee extensor total work (p = 0.049), it was less
closely related than muscle CSA (p = 0.013) or thickness (p = 0.036) assessed with a B-mode
image at 75% of leg length. Conversely, measures of muscle thickness (p = 0.001) and CSA (p =
0.004) derived from panoramic ultrasound were significantly related to handgrip strength
performance, whereas the same measures collected using B-mode were not. Muscle CSA from
panoramic ultrasound was also most closely related to summed peaked torque (p = 0.005), a
relationship that was only close to significance (p = 0.051) with a B-mode image. Both
methodologies (i.e., panoramic and B-mode) produced measures of muscle thickness and CSA
that were associated with summed total work.

Echogenicity of rectus femoris was unrelated to both knee extensor and summed peak
torque but was significantly associated with knee extensor total work when captured using either
panoramic (p = 0.001) or B-mode images (p = 0.004). Echogenicity of the rectus femoris from
both panoramic (p = 0.008) and B-mode (p = 0.007) images was also associated with handgrip
strength. Interestingly, although echogenicity was related to knee extensor total work, it was not
related to summed total work when using either methodology. No ultrasonographic measure was

associated with 30-second chair stand performance.
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Table 4 describes our evaluation of echogenicity with specific force, two measures of
muscle quality. Echogenicity was not related to specific force in any regression model nor was
any model significant. We found measures from the 50% site, taken using the panoramic feature,
created better fitting models. In fact, echogenicity assessed at 50% trended toward significance

(p = 0.077).
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Table 3. The associations between different ultrasonographic measures of the right rectus femoris using the panoramic feature (50%
of leg upper length) and a B-mode image (75% of upper leg length) in a sample of 88 middle-aged men and women when
controlling for age, gender, and BMI.

Dependent Variable
Variable Entered Knee Extensor Peak Summed Peak Torque Knee Extensor Total Summed Total Work (J) 30-Second Chair Stand Handgrip Strength (kg)
Torque (Nm) (Nm) Work (J) Test (repetitions)

R B+ S.E. R B+ S.E. R B+ S.E. R B+S.E. R B+S.E. R B+ S.E.

Muscle Thickness at 0.816 11.098 + 0.861 42.622 + 0.707 174.654 = 0.850 595.980 + 0.353 1.348 0.900 6.966 +
50% (cm) p <0.001 10.286 p <0.001 20.024 p <0.001 134410 p <0.001 200.221 p =0.025 1415 p <0.001 3.328

p =0.302 p =0.036 p=0.197 p =0.004 p=0.334 p=0.001

Muscle Thickness at 0.826 23.166 £ 0.862 42.533 + 0.719 269.252 + 0.849 555.550+ 0.347 0.963 + 0.885 0.307 +
75% (cm) p <0.001 9.955 p <0.001 19.076 p <0.001 126.430 p <0.001 191.981 p =0.029 1.357 p <0.001 2.131

p =0.022 p =0.025 p =0.036 p =0.005 p =0.480 p =0.886

Echogenicity at 0.822 -0.271 0.854 -0.237 + 0.854 -5.809 + 0.836 -3.622 + 0.349 -0.016 + 0.895 -0.078 +
50% (A.U.) p <0.001 0.141 p <0.001 0.275 p <0.001 1.710 p <0.001 2.804 p =0.027 0.019 p <0.001 0.029

p =0.059 p =0.389 p =0.001 p =0.200 p=0.412 p =0.008

Echogenicity at 0.817 -0.142 + 0.853 -0.058 + 0.853 -4.763 + 0.834 -4.763 + 0.376 -0.027 + 0.895 -0.071 +
75% (A.U.) p <0.001 0.129 p <0.001 0.248 p <0.001 1.550 p <0.001 1.550 p=0.012 0.017 p <0.001 0.026

p =0.274 p =0.815 p =0.003 p =0.370 p=0.113 p =0.007

Muscle CSA at 50% 0.823 3.406 + 0.867 9915+ 0.717 44281 + 0.860 126.648 + 0.349 0.193 + 0.897 1.050 +
(cm?) p <0.001 1.754 p <0.001 3.271 p <0.001 22.142 p <0.001 32.205 p =0.028 0.237 p <0.001 0.354

p =0.056 p =0.005 p =0.049 p <0.001 p=0.418 p =0.004

Muscle CSA at 75% 0.828 8.120 + 0.860 12.464 + 0.726 104.435 0.844 153.621 + 0.341 0.165 £ 0.885 -0.154 +
(cm?) p <0.001 3.245 p <0.001 6.294 p <0.001 40.951 p <0.001 63.783 p =0.034 0.445 p <0.001 0.698

p=0.014 p =0.051 p=0.013 p=0.018 p=0.713 p =0.826

S.E. = standard error. Age: years. Gender: Women = 0, Men = 1; CSA = Muscle Cross-Sectional Area; BMI: kg/m?. Summed peak torque was calculated by adding the peak torques recorded during
the isokinetic strength test, 60° per second for knee extension-flexion and 30° per second for plantar-dorsiflexion. Summed isokinetic endurance was calculated by adding total work performed
during a 21-repetition test at 180° per second for the knee extension-flexion and 60° per second for plantar-dorsiflexion. The height of the chair for the 30-second chair stand test was 43 cm.



Table 4. Association of echogenicity assessed via ultrasonography captured using the panoramic
feature and B-mode images of the right leg with various assessments of knee extensor specific
force in 88 middle-aged men and women.

Variable Specific Force Gender (beta + Entered Variable

Entered Variable R Figs  Age(betaS.E) S.E.) BMI (beta £ S.E.) (beta+ S.E.)
Peak KE
Torque by 2.030  -0.799 £3.154 -106.185+54.253 10.527 +£4.306 -1.381£0.770
Muscle 0.299 N
. _ _ _ _ p =0.077
.. Thickness at p =0.098 p =0.801 p =0.054 p=0.017
Echogenicity at .,
50% (A.U) 50% (Nm/cm)
0 LU
Peak KE 2226 -0625+2.187 -5.110+37.627 6.163+2986 0501 #0334
Torque by 0311
Muscle CSA at ' _ _ _ _ p=0.123
50% (Nm/cm?) p =0.073 p=0.776 p =0.892 p =0.042
Peak KE
Torque by 1.253 -0.074 +£3.181 -45.255+41943 9.403 +£4.341 -0.370 +£0.702
Muscle 0.239
Thickness at =0.295 =0.982 —0.284 =0.033 =0.600
Echogenicity at 75%C(N§]S/Sc?n) P P P P P
75% (A.U.) Peak KE
ca 1.594 -0.161 +£2.199  32.388 +£28.991 5.416 +£3.001 -0.131+0.485
Torque by
Muscle CSAat 27 =0.184 =0.535 =0.267 =0.075 =0.788
75% (Nm/cr) P P P P P

A.U. = Arbitrary Units. S.E. = Standard Error. Age: years. Gender: Women = 0; Men = 1. BMI: kg/m?.

Table 5 describes the nutritional variables assessed from three-day food diaries for study
participants. There were significant differences in macronutrient intake between those above the
median for animal-based protein intake as a percentage of energy intake and those below within
each gender; relative carbohydrate intake, carbohydrate intake as percentage of energy, protein
intake as percentage of energy, relative animal-based protein intake, animal-based protein intake
as a percentage of energy, and relative plant-based protein intake were all significantly different
in both men and women. Those above the median consumed fewer carbohydrates, more protein,
and more animal-based protein than those below. In women, there were also significant
differences in relative fat and calcium intake with those above the median consuming less fat and
more calcium. In men, on the other hand, there was a significant difference in relative energy

intake with those below the median of animal-based protein intake consuming more energy.
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Table 5. Dietary intakes accessed from three-day food diaries in 41 middle-aged men and 50 middle-aged women.

Women Men
Total Below Median Above Median Total Below Median Above Median

(n =50) (n=25) (n=25) (n=41) (n=21) (n=20)
Relative Energy (kcal/kg/day) 24.46 30.51 22.51 28.41 31.08* 26.73
Relative Fat (g/kg/day) 1.04 1.14* 0.90 1.15 1.20 0.99
Fat Percent Energy (%) 35.66 37.03 34.88 34.85 34.02 35.63
Relative Carbohydrate (g/kg/day) 2.85 3.22%* 2.30 3.56 4.12%* 2.81
Carbohydrate Percent Energy (%) 46.20 48.56* 44.36 46.86 48.82%** 41.16
Relative Protein (g/kg/day) 1.19 1.15* 1.25 1.28 1.28 1.24
Protein Percent Energy (%) 17.99 14.40** 21.27 17.35 14.54%** 18.65
Relative Animal Protein (g/kg/day) 0.77 0.61*** 1.00 0.87 0.82* 0.96
Animal Protein Percent Energy (%) 11.99 8.59%** 16.08 11.74 10.39%*** 15.16
Relative Plant Protein (g/kg/day) 0.31 0.37* 0.27 0.34 0.39%* 0.29
Plant Protein Percent Energy (%) 4.92 5.23 4.81 4.56 4.77 4.26
Vitamin D (IU/day) 155.28 105.58 236.41 149.70 206.52 135.49
Calcium (mg/day) 849.06 743.91** 951.94 1166.69 1103.57 1212.28
Mg (mg/day) 202.96 196.17 210.15 315.96 254.04 332.94
Mn (mg/day) 1.67 1.50 1.98 2.03 2.31 1.89
Vitamin K (mcg/day) 72.01 88.31 59.97 70.72 52.02 77.98
Fe (mg/day) 12.49 12.51 12.03 16.10 18.43 14.80
Vitamin C (mg/day) 107.42 84.78 115.31 79.03 86.42 54.11
Vitamin E (mg/day) 7.716 7.00 13.06 7.71 5.37 8.10
P (mg/day) 772.54 809.96 765.45 1314.39 1265.21 1349.81
K (mg/day) 1693.39 1692.27 1754.97 2577.01 2577.01 2576.71




Table 6 lists physical activity variables recorded using accelerometry. Excluding wear
days, which was greater in men below the median compared to men above the median, there
were no significant differences between those above the median of animal-based protein as
percentage of energy intake and those below.

Regression models examining estimates of animal-based and plant-based protein intakes
with total protein intake showed good agreement between our estimates and total protein.
Estimates of relative animal-based and relative plant-based protein intakes explained 98.4% of
the variance in relative protein intake (F2,88 =2,788.702, p < 0.001), and estimates of animal-
and plant-based protein intakes as percentages of energy explained 94.0% of the variance in
protein as a percentage of energy (F2,88 = 683.550, p < 0.001).

Table 7 shows Pearson Product-Moment Correlations between relative macronutrient
intakes, macronutrient intakes as percentages of energy intake, and relative energy intake.
Relative macronutrient intakes showed stronger relationships with relative energy intake than
macronutrient intakes expressed as a percentage of energy intake. Outside of the association
between percent of energy from fats and carbohydrates, macronutrient intakes expressed as
percentages of energy were less strongly correlated amongst one another than relative
macronutrient intakes. These results suggest macronutrient intakes should be expressed as
percentages of energy intake in statistical models including relative energy intake to limit

collinearity.
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Table 6. Physical activity variables assessed using accelerometry in 41 middle-aged men and 50 middle-aged women.

Women Men
Total Below Median ~ Above Median Total Below Median  Above Median

(n =50) (n=25) (n=25) (n=41) (n=21) (n =20)

Wear Days (days) 7.00 6.00 7.007 7.00 7.00%* 6.00
Wear Time (min/day) 867.04 869.50 864.57 895.33 895.71 891.87
Sedentary Time (min/day) 559.58 556.00 563.001 613.14 606.00 620.91
Light Physical Activity (min/day) 265.13 285.83 260.33 242.38 269.43 210.11
Moderate Physical Activity (min/day) 27.46 30.67 22.00 27.86 31.83 25.85
Vigorous Physical Activity (min/day) 0.15 0.14 0.29 0.33 2.00 0.00
Moderate to Vigorous Physical Activity 31.05 31.20 27.14 33.25 33.83 27.00

(min/day)

All values are medians. Comparisons between those below and above the median for animal-based protein intake as a percentage of energy intake within gender

were made using the Brown-Forsythe method. * p < 0.05; ** p <0.01; *** P <0.001.
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Table 7. Pearson Product-Moment Correlations of macronutrient intakes, including animal-based protein, and relative energy intake
in 41 middle-aged men and 50 middle-aged women.

Variable Variable
Relative Relative Fat Fat Percent Relative Carbohydrate Relative Protein Relative
energy intake (g/kg/day) Energy (%) Carbohydrate Percent Protein Percent Animal
(g/kg/day) Energy (%) (g/kg/day) Energy (%) Protein
(g/kg/day)
Relative Fat 0.819 - - - - - - -
(g/kg/day) p <0.001
Fat Percent Energy -0.120 0.435 - - - - - -
(%) p =0.258 p <0.001
Relative 0911 0.534 -0.440 - - - - -
Carbohydrate p <0.001 p <0.001 p <0.001
(e/kg/day)
Carbohydrate Percent 0.315 -0.188 -0.845 0.648 - - - -
Energy (%) p =0.002 p =0.074 p <0.001 p <0.001
Relative Protein 0.755 0.617 -0.144 0.570 -0.019 - - -
(g/kg/day) p <0.001 p <0.001 p=0.174 p <0.001 p=0.858
Protein Percent -0.353 -0.351 -0.114 -0.438 -0.438 0.297 - -
Energy (%) p =0.001 p =0.001 p=0.281 p <0.001 p <0.001 p =0.004
Relative Animal 0.548 0.452 -0.122 0.357 -0.138 0.922 0.473 -
Protein (g/kg/day) p <0.001 p <0.001 p =0.248 p =0.001 p=0.191 p <0.001 p <0.001
Animal Protein -0.350 -0.332 -0.082 -0.440 -0.431 0.277 0.916 0.550
Percent Energy (%) p <0.001 p =0.001 p=0.439 p <0.001 p <0.001 p =0.008 p <0.001 p <0.001




Table 8 and Figure 3 present the results of our investigation of the relationship between
animal-based protein intake with performance measures. In order to create homoscedastic
models with equal variances, data from the handgrip strength test (kg) and the 30-second chair
stand test (repetitions) were transformed using the square root function. Using these transformed
variables, all of these mixed models had equal variances according to Levene’s Test and were
homoscedastic according to White’s test (i.e., p > 0.05).

Our mixed models explained 78.6% of the variance of summed peak torque performed
during the isokinetic strength test, 75.7% of the variance of summed work performed during the
isokinetic endurance test, and 83.3% of the variance in handgrip strength transformed using the
square root function, indicating good model fit for these performance variables. However, our
mixed model investigating the results of the 30-second chair stand test only explained 19.1% of
the variance in this measure indicating relatively poor model fit. Nonetheless, all models were
significant.

Animal-based protein intake was significant to mixed models evaluating lower-body
muscular strength, lower-body muscular endurance, and handgrip strength. Those consuming
above the median of animal-based protein as percentage of energy intake performed better on
these tests of muscular strength and endurance than those below the median. The effect sizes
assessed using partial n2 of the animal-based protein intake median split were 0.120, 0.065, and
0.049 for summed lower-body peak torque, summed lower-body total work, and handgrip
strength, respectively. Animal-based protein intake was not related to performance in the 30-
second chair stand test.

Because animal-based protein intake was significant to lower-body muscular strength,

lower-body muscular endurance, and handgrip strength, we wanted to verify that these findings
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were due to animal-based protein intake and not to greater total protein intake. Although we did
control for total protein intake as percentage of energy in our mixed models where participants
were split at the median of animal-based protein intake, Table 9 shows our analyses where
participants were split at the median of total protein intake as percentage of energy intake and
animal-based protein intake as a percent of energy intake was entered as a continuous covariate.
With the exception of square root transformed 30-second chair stand repetitions, all of these
mixed models had equal variances according to Levene’s Test and were homoscedastic
according to White’s test (i.e., p > 0.05). Square root transformed 30-second chair stand
performance was homoscedastic but showed unequal variances between groups (p = 0.024)
according to Levene’s test. Because our earlier analysis of square root transformed 30-second
chair stand performance (i.e., Table 8) showed equal variances between groups, was
homoscedastic, and produced nonsignificant results regarding protein intake and animal-based
protein intake, we did not transform 30-second chair stand performance using a different
methodology (e.g., Log). In other words, square root transformed 30-second chair stand
performance was included in Table 9 despite showing unequal variances between groups,
although the HC3 method is considered to be more robust to violations of unequal variance.?**
Total protein intake split at the median of energy intake was not significant to any performance
variable, whereas APBI split at the median was significant to lower-body muscular strength,
lower-body muscular endurance, and handgrip strength, indicating that APBI is more closely

related to muscular performance than total protein intake.
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Table 8. Animal-based protein intake and muscular performance in middle-aged men and women.

Performance R Fog Age (beta + Gender BMI (beta + MVPA Relative Fat Percent Carbohydrate Protein Animal-Based
Variable S.E.) (beta + S.E.) (beta + Energy Energy Percent Energy Percent Protein Intake
S.E.) S.E.) (beta = (beta = (beta = S.E.) Energy (beta Median Split
S.E.) S.E.) + S.E.) (beta + S.E.)
Summed 0.887 33.111 -3.767 + 190.543 + 1.694 + 0.287 + -0.829 + -3.754 + -3.889 +8.351 -5.769 + 8.007 65.874 +19.855
Isokinetic Peak 1.138 13.850 1.874 0.395 0.862 8.467
Torque (Nm) p =0.643 p =0.473 p =0.001
p <0.001 p =0.001 p <0.001 p =0.369 p =0.469 p =0.339 p =0.659
Summed 0.870 28.032 -46.224 + 1671.298 + 29.436 + 2.842 16.825 + -100.977 + -95.794 + -92.620 + 549.944 +
Isokinetic Work 11.546 126.695 19.814 4.617 9.500 76.033 76.033 71.011 232.478
(W)
p <0.001 p <0.001 p <0.001 p=0.141 p =0.540 p =0.080 p =0.188 p =0.204 p =0.196 p =0.020
Transformed 30- 0.437 2.128 0.004 + 0.316 -0.024 + 0.000 + 0.008 + -0.092 + -0.103 £ 0.076 -0.095 +0.076 0.086 +0.156
Second Chair 0.010 0.128 0.013 0.003 0.009 0.077
Stand (repetitions p=0.182 p=0.214 p =0.584
#) p =0.036 p =0.700 p =0.016 p =0.081 p =0.940 p =0.859 p =0.237
Transformed 0.913 45.026 -0.029 + 1.898 + 0.001 £+ 0.003 + -0.008 + -0.083 + -0.091 +0.041 -0.111 +£0.040 0.349+£0.171
Handgrip 0.008 0.105 0.018 0.003 0.008 0.042
Strength (kg) p =0.027 p =0.007 p =0.045
p <0.001 p =0.001 p <0.001 p =0.956 p =0.295 p =0.323 p =0.052

S.E. = standard error. Age: years. Gender: Women = 0, Men = 1. BMI: kg/m?. Relative energy intake: kcal/kg/day. Animal-based protein intake was split at the median of percent energy from
animal-based protein within both men and women; below median = 0, above median = 1. Nutritional variables were assessed using three-day food diaries. Summed isokinetic peak torque was
calculated by adding the peak torques recorded during the isokinetic strength test, 60° per second for knee extension-flexion and 30° per second for plantar-dorsiflexion. Summed isokinetic
endurance was calculated by adding total work performed during a 21-repetition test at 180° per second for the knee extension-flexion and 60° per second for plantar-dorsiflexion. Total repetitions
performed during the 30-second chair stand test and handgrip strength were transformed using the square root function. The height of the chair for the 30-second chair stand test was 43 cm.
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Figure 3. Animal-based protein intake and muscular performance. Animal-based protein intake (ABPI) was split at the median of
percent energy from animal-based protein within both men and women; below median = 0, above median = 1. Covariates included
age, gender, BMI, MVPA, relative energy intake, and percentages of energy intake from fat, carbohydrate, and protein. All bars are
means, and error bars represent 95% confidence intervals. (a) Summed isokinetic peak torque by gender and animal-based protein
intake. Summed isokinetic peak torque was calculated by adding the peak torques recorded during the isokinetic strength test, 60° per
second for knee extension-flexion and 30° per second for plantar-dorsiflexion. (b) Summed isokinetic endurance by gender and
animal-based protein intake. Summed isokinetic endurance was calculated by adding total work performed during a 21-repetition test
at 180° per second for the knee extension-flexion and 60° per second for plantar-dorsiflexion. (¢) Square root transformed 30-second
chair stand test repetitions by gender and animal-based protein intake. The height of the chair for the 30-second chair stand test was 43

cm. (d) Square root transformed handgrip strength by gender and animal-based protein intake.
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Table 9. Total protein intake and muscular performance in middle-aged men and women.

Performance R Fos1 Age (beta = Gender BMI (beta MVPA Relative Fat Percent Carbohydrate ABPI Energy Total Protein
Variable S.E.) (beta + +S.E.) (beta + Energy Energy Percent Energy (beta £+ S.E.) Intake Median
S.E) S.E.) (beta + (beta + (beta + S.E.) Split (beta + S.E.)
S.E.) S.E.)
Summed 0.871 28.366 -4.013 + 189.571 2.003 + 0.194 + -0.792 + -0.049 + -0.681 +4.576 1.754 +3.637 19.397 £23.176
Isokinetic Peak 1.171 14.575 2.029 0.427 0.962 4.836
Torque (Nm) p =0.882 p=0.631 p =0.405
p <0.001 p =0.001 p <0.001 p =0.326 p =0.651 p=0.413 p =0.992
Summed 0.856 24.638 -47.751 + 1654.781 + 32111+ 2.090 + 16.687 + -24.735 + -24971 £58.990  29.836 +43.397 -2.405+ 258.849
Isokinetic Work 12.387 134.463 22.256 5.296 10.609 61.303
Q) p =0.673 p =0.494 p =0.993
p <0.001 p <0.001 p <0.001 p=0.153 p =0.694 p =0.120 p =0.688
Transformed 0.409 1.806 0.004 + 0313+ -0.024 + 0.000 + 0.007 £ -0.011 + -0.024 + 0.040 0.003 £ 0.043 -0.112+0.172
30-Second 0.011 0.130 0.013 0.003 0.009 0.043
Chair Stand p =0.549 p =0.939 p=0.519
(repetitions #) p =0.080 p =0.728 p=0.018 p =0.084 p =0.958 p =0.466 p =0.803
Transformed 0.904 40.523 -0.030 + 1.901 + 0.004 + 0.002 £ -0.008 + -0.018 + -0.031 +0.042 0.000 £ 0.032 0.187+0.197
Handgrip 0.009 0.121 0.0.019 0.003 0.008 0.043
Strength (kg) p =0.459 p =0.997 p =0.953
p <0.001 p=0.001 p <0.001 p =0.834 p =0.680 p =0.360 p =0.683

S.E. = standard error. ABPI = animal-based protein intake. Age: years. Gender: Women = 0, Men = 1. BMI: kg/m?. Relative energy intake: kcal/kg/day.
Total protein intake was split at the median of percent energy from protein within both men and women; below median = 0, above median = 1. Nutritional
variables were assessed using three-day food diaries. Summed isokinetic peak torque was calculated by adding the peak torques recorded during the isokinetic
strength test, 60° per second for knee extension-flexion and 30° per second for plantar-dorsiflexion. Summed isokinetic endurance was calculated by adding
total work performed during a 21-repetition test at 180° per second for the knee extension-flexion and 60° per second for plantar-dorsiflexion. Total
repetitions performed during the 30-second chair stand test and handgrip strength were transformed using the square root function. The height of the chair
for the 30-second chair stand test was 43 cm.



4.5. Discussion

We found that measures of muscle size from standardized B-mode ultrasound images
better captured the performance of the knee extensors, whereas measures of muscle size assessed
from panoramic images were more closely related to overall muscular performance, producing
significant associations between muscle size with summed peak torque and handgrip strength.
However, our methodology differed from that of others who have utilized panoramic ultrasound.
We took panoramic images of the rectus femoris at one location (i.e., 50% of leg length) as
opposed to using a template to image the entire length of the quadriceps, although one research
group advocated for an investigation of a single site at the mid-quadriceps.*”!

Nonetheless, the lack of a significant relationship between muscle thickness and CSA
measured using the panoramic feature and knee extensor strength is surprising, considering these
measures of muscle size were more closely related both to lower-body strength (i.e., summed
peak torque) and upper-body strength. Low muscle strength is the first criterion of sarcopenia
according to the European Working Group on Sarcopenia in Older People 2 and should be, albeit
not necessarily linearly, related to muscle mass.?” In other words, changes in muscle mass or size
are not as meaningful as changes in muscle strength. Measures of muscle size or mass that are
unrelated to muscle strength then may have limited utility in assessing or screening for
sarcopenia. Despite the fact measures from panoramic ultrasonography lacked face validity in
the form of a significant relationship with knee extensor peak torque, our findings suggest that
the panoramic feature is a suitable method for assessing sarcopenia in those with greater muscle
at the midpoint of thigh as it is related to both lower body and upper-body strength.

We also report that in our sample echogenicity was unrelated to both knee extensor,

strength, overall lower-body strength, and rectus femoris specific force, another measure of
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muscle quality. Although Strasser and colleagues® reported a significant correlation between
echogenicity and knee extensor strength, the relationship was only found in younger and not
older adults. In contrast, Akima and colleagues®* found a significant relationship between
echogenicity and sit-to-stand performance in older Japanese men and women. However, in a
subsequent work, the same research group reported no relationship between echogenicity and
knee extensor strength.?! We also did not find a significant relationship between echogenicity
and knee extensor strength, and we were the first, at least to our knowledge, to directly compare
the echogenicity of the rectus femoris to the muscle’s specific force. None of the relationships
were significant. However, we did find an association between echogenicity with handgrip
strength and knee extensor muscular endurance. Echogenicity has been related to both
intramuscular fat?** and fibrous tissue®”> content of muscle. In a large study of older Italian men
and women, De Stefano and colleagues’® reported a negative association between intramuscular
fat and physical performance but found that those who were overweight or ‘Class I’ obese had
greater knee extensor strength than those with a normal BMI, suggesting that intramuscular fat
plays a greater role in physical performance than in maximal strength. Our findings regarding
echogenicity support that view. Echogenicity, then, is not closely related to specific force as it is
with other muscular qualities such as endurance, because specific force is dependent on maximal
muscle strength.

Our secondary findings regarding dietary intake indicate a positive relationship between
animal-based protein intake and muscle strength when controlling for gender, age, BMI, relative
energy intake, and macronutrient composition. More specifically, those above the median of
animal-based protein intake as percentage of energy intake showed greater lower body strength

and endurance and greater handgrip strength than those below. Although greater protein intake is
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thought to be protective from developing sarcopenia,!’>2762%7

a recent cross-sectional study of
older Danish adults utilizing methods similar to ours (e.g., three-day food diary and physical
activity assessment) reported that protein intake was not related to knee extensor strength,
handgrip strength, and 30-second chair stand test performance.?* In contrast to their
methodology where participants were divided into groups based on relative protein intake, we
split ours according to animal-based protein intake as a percentage of energy intake. Although
recommendations for protein intake are made on a g/kg basis,'”® one of advantages expressing
intakes as percentages of energy intake is that one can control for relative energy intakes and for
macronutrient composition in the same statistical model. There is a high degree of collinearity
between relative intakes of macronutrients and relative energy intake. In fact, one of the main
findings from Hejfeldt and colleagues’ study of older Danish adults was that relative protein
intakes and relative energy intakes are related.’*> Collinearity can bias estimates of betas in
multivariate analyses.>*® Although there is still a degree of collinearity between macronutrient
intakes as percentages of energy and relative energy intakes, we addressed this issue by using the
HC3 method of calculating standard errors which is more robust to collinearity and
heteroscedasticity.?®* Outside of expressing intakes as percentages of energy, our methodology
also differed because we evaluated animal-based protein intake. Plant-based proteins generally
contain amino acids that are oxidized to be used as energy to a greater extent than higher quality
animal-based proteins.>* Thus, total protein intake is likely less strongly related to muscle mass
and strength than protein intake from higher quality sources, and our findings particularly
support this notion. When split at its median, total protein intake as a percentage of energy intake

was not related to lower body strength, lower-body endurance, and handgrip strength, whereas
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animal-based protein intake split at the median was positively associated with all of these
measures.

There are some limitations to our investigations. We cannot determine from our primary
results if the panoramic feature inaccurately quantified muscle size because our study lacked a
measure of criterion validity in the form rectus femoris muscle thickness and cross-sectional area
assessed using MRI or CT. Another caveat to our findings regarding ultrasonography is the skill
of our sonographers. Although our sonographers were trained and showed good reliability and
ICCs were greater than 0.95 for all measures other than B-mode echo intensity which was equal
to 0.81, they were and are not professional sonographers. Panoramic ultrasound is a more
difficult method to perform as the probe must be moved while keeping light, consistent pressure
during imaging. Our results regarding panoramic ultrasonography and knee extensor
performance may indicate, then, that the method should only be performed by those with highest
levels of skill. Nonetheless, measures from panoramic ultrasonography were related to summed
peak torque and handgrip strength, indicating these measures were related to overall
performance. Another potential limitation was the assessment of anatomical as opposed to
physiological CSA, as physiological CSA of pennate muscles, such as the rectus femoris , is
thought to be more closely related to strength.?’

Regarding the limitations of our secondary analysis, this was a cross-sectional study
incapable of establishing causality, the self-reported nature of our food-diary recording limits
their accuracy, and we included three participants’ physical activity data despite the fact these
participants did not have enough valid wear days. Our secondary investigation did have some
strengths. We objectively measured and controlled for physical activity. We verified our

partitioning of protein intake into animal- and plant-based sources using regression models. We
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included relative energy and macronutrient intakes in our mixed models to control for
differences in participants’ diets outside of animal-based protein intake. Lastly, we confirmed the
importance of animal-based protein intake to muscular performance by performing another set
on analyses where participants were split at the median of percent energy from total protein.

We report that measures of muscle thickness and CSA derived from panoramic
ultrasonography are more closely related to overall strength than the same measures derived
from B-mode ultrasound images. Thus, panoramic images may be a suitable method to measure
muscle size and estimate overall muscle mass when the entire transverse area of a muscle cannot
be measured with a standardized B-mode image. However, measures of muscle size from B-
mode images were more closely related to the performance of knee extensors alone, suggesting
that B-mode images may be better measures of individual muscles or muscle groups.
Echogenicity of the rectus femoris was unrelated to its specific force and to overall lower body
strength. Instead, echogenicity was related to handgrip strength and knee extensor endurance.
Finally, we found a positive relationship between animal-based protein intake and lower-body
strength, lower-body endurance, and handgrip strength when controlling for physical activity and

diet.
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5. EVENNESS OF DIETARY PROTEIN INTAKE IS POSITIVELY ASSOCIATED
WITH LEAN BODY MASS AND STRENGTH IN HEALTHY WOMEN?>*#*
5.1. Abstract

Background: Evenness of protein intake is associated with increased lean mass, but its
relationship with muscle strength and performance is uncertain. Objectives: We determined the
association of evenness of protein intake with lean mass, muscle strength and endurance, and
functional ability. Design: This was a cross-sectional study. Setting: Data were collected at a
research university in the upper midwestern United States. Participants: 192 healthy women,
aged 18-79 years, mean = SEM 41.9 & 1.3, completed the study. Measurements: Dietary intake
was assessed using three-day food diaries verified with food frequency questionnaires. To assess
evenness of protein intake, the day was divided into three periods: waking to 11:30, 11:31 to
16:30, and after 16:30. Lean mass was measured with dual energy x-ray absorptiometry. Lower-
body muscle strength and endurance were determined using isokinetic dynamometry. Upper-
body muscle strength was maximal handgrip strength. Functional ability was assessed using 6-
meter gait speed and 30-second chair stand tests. Accelerometry measured physical activity.
Results: Intakes of 25 g or more of protein at one or more of the three periods was positively
associated with lean mass (B £ S.E; 1.067 = 0.273 kg, p<0.001) and upper-body (3.274 + 0.737
kg, p<0.001) and lower-body strength (22.858 + 7.918 Nm, p=0.004) when controlling for age,
body mass index, physical activity, and energy and protein intakes. Consuming at least 0.24

g/kg/period for those under 60 years and 0.4 g/kg/period for those 60 years and older was related

* This chapter is a co-authored manuscript that can be reproduced in its original form, here, if clearly cited.?*® This
article is currently under review for Nutrition and Metabolic Insights, but does not yet have a DOI. In addition to
collecting data, I Nathaniel R. Johnson, completed all statistical analyses, wrote the manuscript, and made all
revisions.
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to lean mass (0.754 + 0.244 kg, p=0.002), upper-body strength (2.451 + 0.658 kg, p<0.001) and
lower-body endurance (184.852 + 77.185 J, p=0.018), controlling for the same variables.
Conclusions: Evenness of protein intake is related to lean mass, muscle strength, and muscle
endurance in women. Spreading protein intake throughout the day maximizes the anabolic
response to dietary protein, benefitting muscle mass and performance.
Keywords: Protein distribution, dietary protein, muscle endurance, and muscle strength
5.2. Introduction
Skeletal muscle mass comprises 40 to 50% of body mass* and contains approximately

t40

45% of the human body’s total protein content.” Muscle tissue acts as an “amino acid

4142 catabolizing itself to provide amino acids or energy to other tissues after traumatic

reservoir,
injuries or infections* or during periods of negative energy balance.** Naturally then,
sarcopenia, a condition characterized by reduced muscle quantity and strength, is related to both
an increased risk of disability and all-cause mortality.* Increasing or maintaining muscle
quantity and strength is important throughout the lifespan, as is indicated by both experts*’-%® and
the United States Department of Health and Human Services,*® yet muscle mass and strength
decline as individuals age.”>-°

Having adequate dietary intake represents a relatively well-tolerated and low-cost method
to mitigate losses of muscle quantity and strength associated with aging, bedrest, or
trauma.®%91:175 In addition to the detrimental effects of aging on muscle strength and quantity,
an individual’s ability to taste decreases with aging'** as does one’s oral health!* and ability to
masticate.!*® As the result of these changes, among other factors, dietary intake decreases by

about 25% from age 40 to 70 and predisposes middle-aged and older adults to malnutrition

which can hasten the development of sarcopenia.'*’ Several nutrients are particularly important
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for preserving muscle quantity and strength including protein, fatty acids, vitamin D,
antioxidants, and minerals such as iron, magnesium, calcium, selenium, and zinc.”"!”?

Beyond being the “building-blocks” of proteins, dietary amino acids contribute to
muscle protein synthesis by activating the mammalian target of rapamycin complex 1.'74!77 This
makes dietary protein of particular interest because of the nutrient’s ability to directly affect
muscle protein synthesis and breakdown.!3%!74-17€ In fact, about 25 to 30 g of protein is the
amount required for muscle protein synthesis,'’® and it is thought that by achieving intakes of
this amount more frequently, such as at each meal, one would maximize muscle protein
synthesis, benefitting muscle mass and strength.*® In support of this notion, the primary
estimation studies of nitrogen balance that informed the National Institutes of Health 0.8 g per kg
body weight per day recommendation for dietary protein intake only included studies where all

participants ate at least three meals,?*!-*°

guaranteeing some level of evenness in dietary protein
spread.

A systematic review of 15 studies investigating the evenness of dietary protein intake
concluded there was enough evidence to determine that evenness of protein intake distribution
was related to increased muscle mass, but there was not enough evidence to determine its effects
on muscle strength or protein turnover.>® Considering this conclusion, we sought to determine
the association of evenness of dietary protein intake with lean mass, muscle strength and
endurance, and functional ability. Other investigators of dietary protein intake distribution have

245,249,250,260

not controlled for energy intake, which is critical to include in statistical models

245,250,260

investigating nutritional variables.’***® Moreover, some of these groups, when

investigating dietary protein intake distribution, did not control for total, relative, or percent of

energy from protein intake, which can also affect muscle mass and performance.24*3%
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Additionally, the authors of the systematic review advocate for cut-points of 0.24 g per kg body
weight per meal for younger adults and 0.4 g per kg per meal for older adults,*® as these cut-
points were informed by a breakpoint analysis of muscle protein synthesis data between healthy
younger and older men.?® However, as there is lack of consensus regarding how to measure or
define dietary protein intake distribution,*® we sought to compare the previous recommendation
of 25 to 30 g of protein per meal, the minimum amount thought to elicit a maximal anabolic
response,'’® to these newer relative cut-points in a population of healthy women.
5.3. Methods

This project was conducted in the North Dakota State University Healthy Aging Research
Lab from October 2017 to December 2019. A total of 195 women from the local community
were recruited using e-mail, flyers, and word-of-mouth to visit the research lab for two sessions.
During the first session, anthropometric and performance variables were measured, and
accelerometers, three-day food diaries, and food frequency questionnaires (FFQ)?® were
provided. Within 7 to 14 days later, participants returned to the lab to return their accelerometers
food diaries, and FFQs and have a full-body dual energy x-ray absorptiometry (DXA) scan
performed. Participants were between 18 and 80 years of age, not currently using any nicotine
products, free of any untreated or nonresponsive diseases or conditions, ambulatory without any
assistance, and had to include both animal-based and plant-based foods in their diets. Those who
reported working during the night were excluded. Participants were eligibility screened using the
2017 Physical Activity Readiness Questionnaire,?®* a more detailed health history questionnaire,
and an orthostatic hypotension test. The study was approved by the North Dakota State
University Institutional Review Board (#HE18010) and complied with the Helsinki Declaration

of 2013. All Participants completed an informed consent.
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5.3.1. Participant Health Screening and Anthropometric Measures

To screen participants for orthostatic hypotension, related to regulatory and safety
concerns set forth by the Institutional Review Board, resting blood pressure and standing blood
pressure were measured manually with a stethoscope and Diagnostix 703 sphygmomanometer
(American Diagnostic Corporation, Hauppauge, NY). Those whose blood pressure dropped by
more than 10 mm Hg, either systolic or diastolic, from resting to standing during the orthostatic
hypotension test were excluded (n = 0). Following the orthostatic hypotension test,
anthropometric variables were measured. Age (years) was self-reported. Height, to the nearest
mm, was measured using a stadiometer (Seca 213, Chino, CA) and body mass, to the nearest 0.1
kg, was recorded using a digital balance scale (Denver Instrument DA-150, Arvada, CO). Waist
and hip circumferences were completed using a Gulick (Fitness Mart Division of Country
Technology Inc., Gays Mills, WI) spring-loaded measuring tape to the nearest mm.
5.3.2. Performance Measures

Prior to performance testing, participants completed a light, self-paced, five-minute
warm-up on a cycle ergometer. To optimize performance, research staff encouraged participants
to employ “all-out effort” during tests of muscle strength and endurance. Handgrip strength (kg)
was assessed first using an analog Jamar Handheld Dynamometer (Bolingbrook, IL). Each
participant was instructed to grasp the dynamometer in her dominant hand and to keep her elbow
at her side with a 90° bend between the upper arm and forearm while standing. Participants were
told to squeeze the dynamometer as hard as possible for two to three seconds. Each participant
performed three maximal attempts; the highest grip strength was used. Gait speed was then
measured using a Brower TCi system (Draper, UT). Participants were instructed to walk at their

normal pace over a 10 m distance. Timing gates were placed 6 m apart. Gait speed was recorded
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three times, and mean time was used in analyses. Participants then performed a 30 second (30s)
chair stand test on a 43 cm chair. All trials were performed with participants’ arms crossed and
feet at a comfortable distance apart (i.e., about hip to shoulder width). Participants were
instructed to fully sit down and stand up for each repetition, and practice repetitions were
performed to ensure adequate performance during the test. The total number of repetitions
completed in 30s was recorded. Participants were seated, and the 30s period began when
participants started to rise.

After these three assessments, muscle strength and endurance of the lower body were
tested using isokinetic dynamometry on a Biodex Pro IV System (Biodex Medical Systems,
Shirley, NY). Lower body muscular strength was assessed using peak torque performed during a
three-repetition test at 60° per second for knee extension-flexion and a three-repetition test at 30°
per second for plantar-dorsiflexion. Similar to others’ work,?” lower body muscular endurance
was evaluated using the total amount of work performed during a 21-repetition test at 180° per
second for knee extension-flexion and 60° per second for plantar-dorsiflexion. Muscular strength
and then endurance were first assessed in the upper leg (i.e., knee extension-flexion) and then in
the lower leg (i.e., plantar-dorsiflexion). A warm-up set was completed before each lower-body
strength test (i.e., knee extension-flexion, and plantar-dorsiflexion); participants were instructed
to perform three repetitions at <75% of their perceived maximal effort. Thirty seconds of rest
was given between all extension-flexion tests. One minute of rest was provided between plantar-
dorsiflexion tests. To better capture muscular performance of the entire right leg, peak torques
from the isokinetic strength test and total work from the isokinetic endurance test were added
together to create summed peak torque and summed total work (i.e., knee extension + knee

flexion + plantarflexion + dorsiflexion).
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5.3.3. Physical Activity Assessment

Following performance testing, accelerometers, three-day food diaries, and FFQs were
given to participants. Physical activity was recorded using Actigraph (Pensacola, FL) GT9X
accelerometers worn on the non-dominant wrist for seven consecutive days. Participants were
instructed to wear the accelerometer during all waking hours except activities involving water
(e.g., bathing or swimming). The raw acceleration data were collected at 80 Hz and processed in
R software using the GGIR package (version 1.10-10).22* A sleep log was provided to help
delineate non-wear time from time spent sleeping. Non-wear time was defined as intervals of at
least 90 minutes of zero counts with allowance of two-minute interval of non-zero counts within
a 30 minute window,?*° thus only valid time during waking hours of each day was included for
statistical analyses. The minimum number of wear days was four, including one weekend or one
non-routine day, over the weeklong collection period, with a minimum wear time of 10 hours per
day. Due to its beneficial, 2823%1392 but in this case, also confounding effect on muscle and
performance, moderate to vigorous physical activity (MVPA) was included in all analyses as a
covariate.
5.3.4. Nutrition Analysis

Participants were given both three-day food diaries and a 153-item FFQ?*® and received
training on how to record dietary intakes by a member of the research team. Participants were
also required to watch a prerecorded training video provided by the study’s registered dietitians.
Dietary intakes from three-day food diaries, including nutritional supplements, were entered into
Food Processor Nutrition Analysis Software (ESHA Research, Salem, OR) which uses Food
Data Central (i.e., the USDA Nutrient Data Base),?®* by trained research assistants. Data entry

was then line-by-line verified by a registered dietitian. As the three-day food diary asked
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participants to record their intakes in real-time and the FFQ asked participants about their intake
over the last 90 days, the two methods do not assess the same nutritional variables; the former
represents immediate intake, whereas the latter represents some level of historical intake.
Nonetheless, as this project lacked criterion validity for dietary intake (i.e., an objective measure

) 303
b

of dietary intake was not performed the data from the FFQ was used as to verify estimates

from three-day food diaries.!33-3%
5.3.5. Follow-up Visit

After 7 to 14 days, participants returned to the lab to turn in accelerometers, food diaries,
and food frequency questionnaires, have their body composition measured, and give a blood
sample. Body composition was measured using DXA on a Lunar Prodigy, model #8915 (GE
Healthcare, Waukesha, WI), with enCORE software.

5.3.6. Statistical Analyses

A total of 192 women completed both a three-day food diary and the FFQ and wore an
accelerometer for at least 10 hours a day for four or more days. Three participants were excluded
from all analyses because they failed to wear the accelerometer as directed. Thus, all analyses
have at most 192 participants. Total and relative intakes, including the percent of energy from
each of the macronutrients, were verified using paired t-tests between data from the three-day
food diary and the FFQ.

To examine the effects of the evenness of protein intake distribution, data collected from
three-day food diaries were first blocked into three periods: waking to 11:30 (breakfast),
afternoon 11:31 to 16:30 (lunch), and evening after 16:30 (dinner). Protein intakes were
averaged for each period across all three days that the food diary was recorded. Even protein

intake distribution was then defined using two methods: a relative intake methodology (i.e., 0.24
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or 0.4 g per kg body weight or more per period) and a total intake methodology (i.e., 25 g or
more per period). Mean relative protein intakes of at least 0.24 g per kg of body weight per
period for younger adults (<60 years) and 0.4 g per kg body weight per period for older adults
(>60 years), respectively, were the cut-points for the relative intake method,’*?>® whereas greater
than or equal to 25 g per period was the cut-point for total intake method;!’® consuming an
average of protein equal to or greater than these cut-points during one of these periods were
recorded as “1”’s, and these were summed to create two ordinal variables each with four levels,
achieving greater than 0.24/0.4 g per kg body weight per period or 25 g per period at 0, 1, 2, or 3
periods. These ordinal variables were entered into separate multiple linear regression models
each controlling for age, body mass index (BMI), MVPA, relative energy intake, and percent of
energy from protein.
5.4. Results
Table 10 displays descriptive statistics for the 192 women included in this work.

Table 10. Descriptive statistics of the 192 women included in this work.

Variable Mean + SEM
Age (years) 419+1.3
Height (cm) 164.8+0.5

Body mass (kg) 70.0 + 1.0
BMI (kg/m?) 25.7+0.3
MVPA (min/day) 89.3+2.2

BMI = body mass index. MVPA= moderate to vigorous physical activity. SEM = standard
error of the mean.

All analyses except for that of the 30s chair stand test had 192 participants; the chair
stand test had 191 participants. Age ranged from 18 to 79 years. A total of 147 participants
(76.6%) were less than 60 years of age, and 45 (24.4%) were 60 years or older. The minimum

BMI was 15.3 and the maximum was 41.9 kg/m?. According to BMI, two participants (1.0%)
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were underweight with BMIs less than 18.5 kg/m?, 96 (50%) had BMIs between 18.5 and less
than 25, 63 (32.8%) were overweight with BMIs between 25 and less than 30 kg/m?, 20 (10.4%)
had BMIs between 30 and less than 35 kg/m?, nine (4.7%) had BMIs between 35 and less than
40 kg/m?, and two had (1.0%) had BMIs of 40 or greater kg/m?; thus, 31 participants (16.1%)
were considered obese according to BMI. A total of 171 (89.1%) of participants wore
accelerometers for at least seven days with greater than or equal to 10 hours of wear time on each
day (a valid wear day was considered to have to 10 hours of wear time); one participant (0.5%)
only had four days, three (1.6%) had five days, and 17 (8.9%) had six days with at least 10 hours
of wear time. Time spent in MVPA ranged from a minimum of 18.8 and a maximum of 185.9
minutes per day.

The results of the paired t-test analyses of dietary intake data comparing the three-day
food diary and the FFQ are shown in Table 11. Total and relative intakes of energy, protein, and
carbohydrates were not significantly different, showing convergent validity; only total (p =
0.006) and relative fat (p = 0.003) intakes were significantly different. When expressed as
percentages of energy intake, fat (p <0.001) and carbohydrate (p < 0.001) intakes were

significantly different and protein intake was not.
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Table 11. Paired comparison of dietary intake data from three-day food diaries and the food
frequency questionnaire.

Variable Three-Day Diary FQQ Paired Difference
Mean + SEM Mean + SEM Mean + SEM P

Total Energy (kcal/day) 2022 £ 40 2004 + 63 18 £58 0.758
Total Protein (g/day) 853+1.8 85.2+29 0.0+2.6 0.989
Total Fat (g/day) 84.5+2.0 774+2.6 7.1+£25 0.006
Total Carbohydrate (g/day) 2309+ 5.7 243.5+8.5 -12.6+£7.6 0.099
Relative Energy (kcal/kg/day) 29.736 +0.686 29.378 £0.977 0.359 +0.858 0.676
Relative Protein (g/kg/day) 1.262 + 0.033 1.245 £ 0.044 0.016 + 0.038 0.669
Relative Fat (g/kg/day) 1.238 +0.033 1.128 £ 0.039 0.110 £ 0.037 0.003
Relative Carbohydrate (g/kg/day)  3.401 + 0.095 3.587+0.133 -0.187 £0.113 0.100
Protein Percent Energy (%) 17.3+£03 17.1+£0.2 0.1+£0.3 0.622
Fat Percent Energy (%) 37.2+0.5 34.8+0.5 24+04 <0.001
Carbohydrate Percent Energy (%) 45.0+0.6 48.4+ 0.6 -3.3+0.6 <0.001

FFQ = food frequency questionnaire.?® SEM = standard error of the mean.

One of the goals of this work was to control for both energy and protein intakes when

50,248

investigating dietary protein distribution, as recommended by others, yet relative energy and

protein intakes are related,?*’

potentially biasing estimates when entered into the same statistical
model.?*® In models evaluating dietary protein intake distribution, energy intake was expressed
as relative energy intake (i.e., kcal per kg body weight per day) and protein intake as a
percentage of energy intake. As percent of energy from carbohydrates and fats were different
according to paired t-test analyses of data from the three-day food diaries and the FFQs, these
variables were not used as covariates in regression models.

The distribution of dietary protein intake is described in Table 12. Intakes were greatest
in the evening or dinner period and lowest during the morning or breakfast period. Of the 147
participants less than 60 years of age, 67 (45.6%), 116 (78.9%), and 143 (97.3%) consumed an
average of at least 0.24 g of protein per kg body weight during the breakfast, lunch, and dinner

periods, respectively. Of the 45 participants 60 years and older, 13 (28.9%), 22 (48.9%), and 33

(73.3%) consumed an average of at least 0.4 g of protein per kg body weight during the
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breakfast, lunch, and dinner periods, respectively. For the relative protein intake per period
summed ordinal variable, nine (4.7%) participants had a score of 0 (< 60 years = 2; > 60 years =
7), 34 (17.7%) had a score of 1 (< 60 years = 19; > 60 years = 15), 87 (45.3%) had a score of 2
(< 60 years = 71; > 60 years = 16), and 62 (32.3%) had a score of 3 (< 60 years = 55; > 60 years
= 7). Although the total cut-off (i.e., 25 g/period) did not vary for those younger than 60 years
and those 60 years and older, data for the total protein intake per period method are presented for
these two populations separately for comparison with the relative cut-point method. At the
morning or breakfast period, 44 (22.9%) participants consumed 25 g of protein or more (< 60
years = 32; > 60 years = 12), at the midday or lunch period 98 (51.0%) participants, consumed
25 g of protein or more (< 60 years = 78; >60 years = 20), and at the evening or dinner period
159 (82.8%) participants consumed 25 g of protein or more (< 60 years = 120; >60 years = 39).
For the total protein intake per period summed ordinal variable which counts how many periods
participants consumed a mean protein intake of equal to or greater than 25 g, 17 (8.9%)
participants had a score of 0 (< 60 years = 14; > 60 years = 3), 73 (38.0%) had a score of 1 (< 60
years = 56; > 60 years = 17), 78 (40.6%) had a score of 2 (< 60 years = 57; > 60 years = 21), and

24 (12.5%) had a score of 3 (< 60 years = 20; > 60 years = 4).
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Table 12. Distribution of dietary protein intake with unadjusted 95% confidence intervals for

comparison.
Variable Period
Breakfast Lunch Dinner Total
Mean + SEM Mean + SEM Mean + SEM Mean + SEM
[95% CI] [95% CI] [95% CI] [95% CI]
Total Protein (g) 17.4+0.8 28.1+0.9 39.8+ 1.1 853+ 1.8
[15.9, 18.9] [26.3, 29.8] [37.7,42.0] [81.6, 88.9]
Relative Protein (g/kg) 0.255+0.012 0.418 £0.015 0.588 £0.018 1.262 £ 0.033
[0.232, 0.278] [0.388, 0.448] [0.553, 0.623] [1.197, 1.326]
Percent of Energy (%) 35+0.2 5.7+0.2 8.0+0.2 17.3+£0.3
[3.2,3.8] [5.4,6.0] [7.7, 8.4] [16.6, 17.9]
Percent of Total Protein (%) 20.0+0.7 33.2+0.8 46.8 + 0.8 100*
[18.6,21.4] [31.6,34.7] [45.2,48.4]

95% CI = 95% confidence interval. SEM = standard error of the mean.
* Standard error and 95% confidence interval could not be calculated as all values were 100.

The results of separate multiple linear regression models evaluating the relationship
between these two summed ordinal variables with lean body mass (kg) and body composition
assessed via DXA (% fat), and handgrip strength (kg), 30s chair stand test (repetitions), mean
gait speed (s), and summed lower-body strength (Nm) and endurance performance (J) are
presented in Table 13. All models were significant (all p < 0.05). Both methods used to define
evenness of dietary protein intake distribution were related to total lean body mass and maximal
handgrip strength. Neither method was related to 30s chair stand or gait speed performance,
although the relative (i.e., 0.24/0.4 g/kg/period) intake per period method approached
significance (p = 0.063) for gait speed. Intakes of > 25 g of protein per period were related to
lower-body strength (p = 0.004), whereas intakes of 0.24 or 0.4 g of protein per kg body weight

per period were associated with lower-body endurance (p = 0.018).
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Table 13. Model summaries of separate multiple linear regression models and coefficients
evaluating two different methods of defining protein intake distribution when controlling for
age, BMI, MVPA, relative energy intake, and percent of energy from protein.

Outcome Protein Intake Model Coefficient
Variable* R RZu;. P B+ SE P

Lean Body Mass (kg) >25 g/period 0.710 0.489 <0.001 1.067£0.273  <0.001
0.24/0.47 0.700 0474  <0.001 0.754+0.244  0.002
g/kg/period

Body Composition (% fat) >25 g/period 0.835 0.687  <0.001 -0.715+0.563  0.205
0.24/0.4 0.833 0.684  <0.001 -0.033£0.497 0.948
g/kg/period

Maximal Handgrip Strength ~ >25 g/period 0.517 0.243 <0.001 3.274+0.737  <0.001

(ke) 0.24/0.4 0495 0221  <0.001 2.451+0.658  <0.001
g/kg/period

Thirty-Second Chair Stand >25 g/period 0.306 0.064 0.006 0.348 £0.588  0.555

Test (repetitions) 0.24/0.4 0.303  0.062  0.006 0.07+0.519  0.893
g/kg/period

Mean 6m Gait Speed (s) >25 g/period 0.359 0.100 <0.001 0.007+0.073  0.927
0.24/0.4 0.380 0.117  <0.001 -0.119 £ 0.064  0.063
g/kg/period

Summed Lower-Body Peak >25 g/period 0.583 0319  <0.001 22.858+7.918 0.004

Torque (Nm) 0.24/0.4 0.561 0293  <0.001 8.019+7.099  0.260
g/kg/period

Summed Lower-Body >25 g/period 0.544 0.273 <0.001 170.522 + 0.055

Endurance (J) 88.159
0.24/0.4 0.551 0.303 <0.001 184.852 0.018
g/kg/period 77.185

BMI = body mass index; MVPA= moderate-to-vigorous physical activty; SE = standard error.

*Mean protein intakes during three periods, waking to 11:30 (breakfast), afternoon (lunch) 11:31 to 16:30, and
evening after 16:30 (dinner), equal to or greater than the listed cut-offs were coded as “1s” and were then summed
to create ordinal levels with 4 levels, meeting the cut-off at 0, 1, 2, or 3 periods.

tFor those 60 and under 0.24 g/kg/period; for those 60 and over 0.4 g/kg/period.

5.5. Discussion

Consistent with the results of others?3!-233:25

and the conclusion of Jespersen and
Agergaard who wrote the review regarding the evenness of dietary protein intake and muscle
mass, strength, and protein turnover,>® we found that evenness of protein intake distribution was
related to lean body mass using both the 25 g per period and the 0.24/0.4 g per kg body weight

per period cut-points. This finding further supports the hypothesis that achieving sufficient

protein intake at each meal increases net protein balance, resulting in higher levels of lean mass.
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However, we found that the evenness of dietary protein intake was not related to body
composition, in contrast to the findings of another cross-sectional study with similar methods
(i.e., three-day food diaries and DXA) which reported that those who ate more than an average of
0.24 g per kg body weight per meal for all three meals had better body composition than those
who did not.?*° That experimental group, though, was significantly younger consisting of
college-aged participants only, and those authors did not use BMI as a covariate in their
statistical models.?>® Of course, BMI and body composition are related, but BMI is not an
accurate estimate of body fat percentage, often misclassifying people as overweight or

obese.?>3% Despite the association of BMI with lean mass and body composition,**>3% w

e
found that lean mass was related whereas body composition was not related to the evenness of
dietary protein intake, indicating that the evenness of protein intake is important for preserving
or increasing lean mass but not for losing or preventing gains in fat mass.

Our work does show that evenness of dietary protein intake was positively associated
with muscle strength. More specifically, mean intakes of at least 25 g per period were
significantly associated with both upper (i.e., handgrip) and lower-body strength, whereas
intakes of 0.24 or 0.4 g per kg body weight per period were only related to handgrip strength. We
do not believe that this disparity is the result of relative per meal metrics (i.e., 0.24 or 0.4
g/kg/period) being generally less informative than total per meal metrics (i.e., 25 g/period).
Rather, the cut-points for this relative method, 0.24/0.4 g per kg body weight per period, are
based on one work in young (i.e., 18 — 37 years) and older men (i.e., 65 — 80 years) and did not
include middle-aged men.?*® As our work evaluated women across much of the adult lifespan

(i.e., 18 to 79 years), the true relative cut-points needed for muscle protein synthesis are likely

different for our sample. Although sex does not affect muscle protein synthesis at fasting**’ or
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after a meal (i.e., postabsorptive state)**® in younger populations, the anabolic effects of a meal
are blunted in older women compared to men.>*” Thus, older women would likely need to
achieve protein intakes greater than what was indicated in older men, which is 0.4 g per kg of
body weight per meal.?>® Future studies should examine the relative amount of protein needed at
one meal to stimulate muscle protein synthesis in women, particularly older women.

Additionally, our results indicate that evenness of dietary protein intake distribution is
related to lower-body endurance. However, there was a discrepancy between our findings for
lower-body endurance and lower-body strength when examining the two methods of defining
even protein intake distribution. In contrast to our findings for lower-body strength, the relative
method of expressing the evenness of protein intake distribution was positively associated with
lower-body endurance performance, whereas the total method was not. Yet, the total method, as
opposed to that of the relative intake method in the case of the lower-body strength model,
approached significance and was closer to the estimate of the relative method than the two
methods were for lower-body strength. Thus, we do not view this difference as incongruent with
our results. In order to have a relative intake of exactly 0.24 g per kg of body weight per period
when eating 25 g of protein, one would need to have a body mass of approximately 104 kg. The
mean body mass of participants was 70 kg for this study and is 77.5 kg for women 20 years and
older in the United States.>!° Thus, 25 g per period is greater than the relative 0.24 g per kg body
weight per period cut-point for 95.9% of the 147 women under 60 years of age included in this
study and for the average woman in the United States. Our results suggest that relative intakes
greater than 0.24 g per kg of body weight per meal or period are likely needed for women under
age 60 to see benefit in lower-body strength, but intakes of 0.24 may be sufficient to benefit

lower-body endurance.
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Evenness of dietary protein intake was not related to functional ability in our sample. The
relative intake method approached significance for mean 6 m gait speed, suggesting some benefit
with increased evenness of intake. These measures of functional ability, though, may not be
related to performance in younger or middle-aged healthy adults. In the context of the European
Working Group’s revised consensus,*’ for instance, measures of physical performance (i.e.,
functional ability) are intended to differentiate between those with sarcopenia and those with
“severe sarcopenia.” In support of this, others,?® using a cross-sectional sample of 409 adults
aged 60 to 96 years, reported no relationship between isokinetic leg strength and gait speed in
stronger older adults, whereas leg strength was related to gait speed in weaker older adults, when
using a quadratic regression model. We hypothesize that given an older population, associations
between the evenness of dietary protein intake and functional ability would be observed, as
protein intakes of > 0.25 g/kg/meal were associated with decreased odds of self-reported
functional disability.*!!

This study had some limitations. It was a cross-sectional study incapable of establishing
causality. The participants may not be representative of the larger population, as convenience
recruiting methods were used, and only healthy women were allowed to participate. In addition,
subjective, self-reported tools measured dietary intake. We, however, used two subjective dietary
tools, a three-day food diary and an FFQ,?® to verify our results. This is a key strength of our
work relative to many others who have only used subjective assessments of dietary intake, as
using two subjective tools to measure dietary intake is considered a best practice when lacking
criterion validity.!33-3%33% In addition to this strength, we included an objective measure of
physical activity in our statistical models. Lastly, unlike other groups who have investigated the

245,249,250,260

evenness of dietary protein intake, we controlled for both energy and protein intakes.
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In conclusion, we find further support for the relationship between the evenness of
dietary protein intake and lean body mass. We also present compelling cross-sectional data that
the evenness of dietary protein intake is positively associated with muscle strength and
endurance, even when controlling for physical activity and energy and protein intakes. Future
research needs to establish a relative per meal threshold for women as the current 0.24 and 0.4 g

per kg body per meal recommendations® reflect data from men.?®
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6. ANIMAL-BASED PROTEIN INTAKE IS POSITIVELY ASSOCIATED WITH
LOWER-BODY STRENGTH AND FUNCTIONAL ABILITY IN OLDER, BUT NOT
YOUNGER WOMEN
6.1. Abstract

Background: As women age, their anabolic response to a consumed meal and dietary
protein consumed is decreased. Animal- vs. plant-based dietary proteins are generally considered
more anabolic and may benefit older women. Objectives: The association of animal-based
protein intake with lean mass, muscle strength and endurance, and functional ability was
determined among healthy women across the lifespan. Design: This was a cross-sectional study.
Setting: Data were collected at a research university in the upper midwestern United States.
Participants: 192 healthy women, aged 18-79 years, mean = SEM 41.9 + 1.3, completed the
study, and were split into four cohorts based on self-reported age. Measurements: Dietary
intake, differentiating animal- and plant-based dietary protein intake, energy, and other macro-
nutrients, was assessed using three-day food diaries, and intakes of energy and all macronutrients
were verified with food frequency questionnaires. Animal-based protein intake was adjusted for
energy and protein intakes. Lower-body muscle strength and endurance were determined using
isokinetic dynamometry. Upper-body muscle strength was measured with maximal handgrip
strength. Functional ability was assessed using 6-meter gait speed and 30-second chair stand
tests. Accelerometry measured physical activity. Results: Adjusted animal-based protein intake
was unrelated to lean body mass and performance in women 60 years and younger. When
controlling for age, body mass index, and physical activity, energy and protein adjusted animal-
based protein intake was related to increased lower-body strength (B + SE; 14.834 + 7.287 Nm, p

= 0.049) and faster gait speed (B + SE; -0.177 £ 0.087 s, p = 0.049) in women older than 60 years
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of age. Conclusions: Dietary protein quality is important for lower-body muscle strength and
functional ability in older women. Older women should strive to eat more protein from animal
sources.
Keywords: Protein distribution, dietary protein, muscle endurance, and muscle strength
6.2. Introduction
Dietary intake is a modifiable lifestyle factor that has profound effects on muscle
health 88991175 Many nutrients contribute to muscle health,’""'”? but dietary protein uniquely

159,174-176

benefits muscle by stimulating muscle protein synthesis via the mammalian target of

rapamycin complex 1.!7#!77 It is not just the amount of protein eaten!’320%229230 that affects

50,249,250

muscle health; the distribution of protein intake and the quality of protein consumed also

affect skeletal muscle tissue.!7>-24261

Historically, protein quality has been determined using the Protein Digestibility
Corrected Amino Acid Score (PDCAAS), which has been used extensively since its adoption by
the World Health Organization in 1989 as the organization’s preferred method to calculate
protein quality.?622%3 In 2011, another method to calculate protein quality, the Digestible
Indispensable Amino Acid Score (DIAAS), was proposed by the Food and Agriculture
Organization of the United Nations to replace PDCAAS,?*2% as there were concerns about the

PDCAAS overestimating the amount of amino acids absorbed by the body,?

minimizing
differences in protein quality between high and low quality proteins. Later, another group
confirmed this discrepancy. These authors reported significantly higher protein quality for pea
protein concentrate, soya isolate, soya flour, and wheat when using various forms of the

PDCAAS compared to DIAAS.%? Animal-based proteins (i.e., proteins from animals) such as egg

(PDCAAS = 118), cow’s milk (PDCAAS = 121), and beef (PDCAAS = 92) have greater protein
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quality than plant-based proteins such as soy (PDCAAS = 91) and wheat (PDCAAS = 42).3!
These differences in protein quality between animal and plant-based foods are further magnified
when the more appropriate DIAAS is used to measure protein quality. For example, the DIAAS
of soy protein isolate was 84 and its PDCAAS was equal to 93, whereas whey protein isolate had
a PDCAAS of 99 and a DIAAS of 100, resulting in a difference of 6 when using the PDCAAS
and of 16 when using the DIAAS.>? Regardless of whether the PDCAAS or the DIAAS is used,
animal-based proteins tend to have better protein quality than plant-based proteins, spurring
some researchers to investigate the effects of proteins from either animal or plant sources on
muscle health.

Works that elevated the effects of animal- or plant-based dietary protein generally report
that animal-based proteins are more closely associated with muscle health than plant-based

proteins,>*->*

supporting the notion that eating proteins with greater DIAAS/PDCAAS result in
greater lean body mass and improved performance. Using isotopic amino acid tracers, one group
reported significantly greater increases in net protein balance following an egg breakfast
compared to a cereal breakfast in a crossover sample of 12 older adults aged 57 to 74 years.'>’
Another group of authors utilizing nine years of longitudinal nutrition and physical activity data
from the “Framingham Offspring Study,” reported that animal-based proteins were related to
increased muscle mass even in those with lower physical activity levels, whereas greater physical
activity levels were needed for participants’ plant-based protein intake to be related to increased
muscle mass.”® In a cross-sectional sample of 1,853 Italian adults, those in highest tertile of

animal-based protein intake had greater arm and calf circumferences and handgrip strength

compared to those in the lowest tertile when controlling for a variety of covariates.?”
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Due to the higher DIAAS observed in animal-based foods>? and previous indications that

foods with better protein quality are more anabolic,’*->*

we sought to determine the association of
animal-based protein intake with lean body mass, body composition, and muscle strength,
muscle endurance, and functional ability. In addition, as older,** but not younger,**® women’s
response to dietary protein is affected, we specifically sought to determine these associations in
older women, as increased protein quality is most likely to benefit them.
6.3. Methods

This project was conducted in the North Dakota State University (Fargo, ND) Healthy
Aging Research Lab from October 2017 to December 2019. A total of 195 women from the local
community were recruited using e-mail, flyers, and word-of-mouth to visit the research lab for
two sessions. During the first session, anthropometric and performance variables were measured,
and accelerometers, three-day food diaries, and food frequency questionnaires (FFQ)?® were
provided. Within 7 to 14 days later, participants returned to the lab to return their accelerometers,
food diaries, and FFQs and have a full-body dual energy x-ray absorptiometry (DXA) scan
performed. Participants were between 18 and 80 years of age, not currently using any nicotine
products, free of any untreated or nonresponsive diseases or conditions, ambulatory without any
assistance, and had to include both animal-based and plant-based foods in their diets. Those who
reported working during the night were excluded. Participants were eligibility screened using the
2017 Physical Activity Readiness Questionnaire,?®* a more detailed health history questionnaire,
and an orthostatic hypotension test. The study was approved by the North Dakota State

University Institutional Review Board (#HE18010) and complied with the Helsinki Declaration

of 2013. All participants completed an informed consent document.
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6.3.1. Participant Health Screening and Anthropometric Measures

To screen participants for orthostatic hypotension, related to regulatory and safety
concerns set forth by the Institutional Review Board, resting blood pressure and standing blood
pressure were measured manually with a stethoscope and Diagnostix 703 sphygmomanometer
(American Diagnostic Corporation, Hauppauge, NY). Those whose blood pressure dropped by
more than 10 mm Hg, either systolic or diastolic, from resting to standing during the orthostatic
hypotension test were excluded (n = 0). Following the orthostatic hypotension test,
anthropometric variables were measured. Age (years) was self-reported. Height, to the nearest
mm, was measured using a stadiometer (Seca 213, Chino, CA) and body mass, to the nearest 0.1
kg, was recorded using a digital balance scale (Denver Instrument DA-150, Arvada, CO). Waist
and hip circumferences were completed using a Gulick (Fitness Mart Division of Country
Technology Inc., Gays Mills, WI) spring-loaded measuring tape to the nearest mm.
6.3.2. Performance Measures

Prior to performance testing, participants completed a light, self-paced, five-minute
warm-up on a cycle ergometer. To optimize performance, research staff encouraged participants
to employ “all-out effort” during tests of muscle strength and endurance. Handgrip strength (kg)
was assessed first using an analog Jamar Handheld Dynamometer (Bolingbrook, IL). Each
participant was instructed to grasp the dynamometer in her dominant hand and to keep her elbow
at her side with a 90° bend between the upper arm and forearm while standing. Participants were
told to squeeze the dynamometer as hard as possible for two to three seconds. Each participant
performed three maximal attempts; the highest grip strength was used. Gait speed was then
measured using a Brower TCi system (Draper, UT). Participants were instructed to walk at their

normal pace over a 10 m distance. Timing gates were placed 6 m apart. Gait speed was recorded
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three times, and mean time was used in analyses. Participants then performed a 30 second (30s)
chair stand test on a 43 cm chair. All trials were performed with participants’ arms crossed and
feet at a comfortable distance apart (i.e., about hip to shoulder width). Participants were
instructed to fully sit down and stand up for each repetition, and practice repetitions were
performed to ensure adequate performance during the test. The total number of repetitions
completed in 30s was recorded. Participants were seated, and the 30s period began when
participants started to rise.

After these three assessments, muscle strength and endurance of the lower body were
tested using isokinetic dynamometry on a Biodex Pro IV System (Biodex Medical Systems,
Shirley, NY). Lower body muscular strength was assessed using peak torque performed during a
three-repetition test at 60° per second for knee extension-flexion and a three-repetition test at 30°
per second for plantar-dorsiflexion. Similar to others’ work,?” lower body muscular endurance
was evaluated using the total amount of work performed during a 21-repetition test at 180° per
second for knee extension-flexion and 60° per second for plantar-dorsiflexion. Muscular strength
and then endurance were first assessed in the upper leg (i.e., knee extension-flexion) and then in
the lower leg (i.e., plantar-dorsiflexion). A warm-up set was completed before each lower-body
strength test (i.e., knee extension-flexion, and plantar-dorsiflexion); participants were instructed
to perform three repetitions at <75% of their perceived maximal effort. Thirty seconds of rest
was given between all extension-flexion tests. One minute of rest was provided between plantar-
dorsiflexion tests. To better capture muscular performance of the entire right leg, peak torques
from the isokinetic strength test and total work from the isokinetic endurance test were added
together to create summed peak torque and summed total work (i.e., knee extension + knee

flexion + plantarflexion + dorsiflexion).
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6.3.3. Physical Activity Assessment

Following performance testing, accelerometers, three-day food diaries, and FFQs were
given to participants. Physical activity was recorded using Actigraph (Pensacola, FL) GT9X
accelerometers worn on the non-dominant wrist for seven consecutive days. Participants were
instructed to wear the accelerometer during all waking hours except activities involving water
(e.g., bathing or swimming). The raw acceleration data were collected at 80 Hz, and processed in
R software using the GGIR package (version 1.10-10).22* A sleep log was provided to help
delineate non-wear time from time spent sleeping. Non-wear time was defined as intervals of at
least 90 minutes of zero counts with allowance of two-minute interval of non-zero counts within
a 30 minute window,?*° thus only valid time during waking hours of each day was included for
statistical analyses. The minimum number of wear days was four, including one weekend or one
non-routine day, over the weeklong collection period, with a minimum wear time of 10 hours per
day. Due to its beneficial, 2823%1392 but in this case, also confounding effect on muscle and
performance, moderate to vigorous physical activity (MVPA) was included in all analyses as a
covariate.
6.3.4. Nutrition Analysis

Participants were given both three-day food diaries and a 153-item FFQ?*® and received
training on how to record dietary intakes by a member of the research team. Participants were
also required to watch a prerecorded training video provided by the study’s registered dietitians.
Dietary intakes from three-day food diaries, including nutritional supplements, were entered into
Food Processor Nutrition Analysis Software (ESHA Research, Salem, OR) which uses Food
Data Central (i.e., the USDA Nutrient Data Base)?? by trained research assistants. Data entry

was then line-by-line verified by a registered dietitian. As the three-day food diary asked
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participants to record their intakes in real-time and the FFQ asked participants about their intake
over the last 90 days, the two methods do not assess the same nutritional variables. The former
represents immediate intake, whereas the latter represents some level of historical intake.
Nonetheless, as this project lacked a measure of criterion validity for dietary intake (i.e., an
objective measure of dietary intake was not performed), the data from the FFQ was used as a
comparison measure to verify estimates from three-day food diaries.!>

Animal-based protein intakes, included meat, fish and seafood, dairy, eggs, poultry, and
wild game, were estimated using a line-by-line examination of dietary intake from the three-day
food diaries by the study’s registered dietitians. Foods with both animal- and plant-based protein
(i.e., mixed foods) were split according to their ingredients list to distinguish protein sources, and
foods that contained less than 1 g of protein were excluded from these calculations.
6.3.5. Follow-up Visit

After 7 to 14 days, participants returned to the lab to turn in accelerometers, food diaries,
and food frequency questionnaires, have their body composition measured, and give a blood
sample. Body composition was measured using DXA on a Lunar Prodigy, model #8915 (GE
Healthcare, Waukesha, WI), with enCORE software.
6.3.6. Statistical Analyses

A total of 192 women completed both a three-day food diary and the FFQ and wore an
accelerometer for at least 10 hours a day for four or more days. Three participants were excluded
from all analyses because they failed to wear the accelerometer as directed. Thus, all analyses
have 192 participants, except for those related to 30s chair-stand test which have 191. As
older,*® but not younger’® women’s anabolic response to dietary protein is blunted, there is

greater potential for the anabolic effects of protein to be observed in older as opposed to
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younger women. Thus, to investigate the role of animal-based protein intake in muscle health,
this cross-sectional sample was subdivided into four cohorts based on self-reported age: college-
aged women (18 — 24), younger women (25 — 44), middle-aged women (45 — 60 years), and
older women (61 — 79). Previous research regarding the anabolic response of muscle tissue to a
meal used women 65 to 80 years if age;** in order to increase our sample size, we slightly
expanded this age range and included women aged 61 to 79 years as older women in our work.
The other cut-points between 24 and 25 and 44 and 45 years were chosen arbitrarily to form
more even numbers of participants in each cohort.

First, total and relative intakes of energy and macronutrients were verified using paired t-
tests between data from the three-day food diary and the FFQ for each cohort and the entire
sample. Multiple linear regression models determined the association of animal-based protein
intake for each cohort and in aggregate when controlling for a variety of covariates.

To specifically evaluate the role of animal-based protein intake while controlling for both
energy and protein intakes, mean relative animal-based protein intake (g/kg/day) was first
regressed using both relative energy intake?*® (kcal/kg/day) and relative protein intake (g/kg/day)
as independent variables for the each cohort. Standardized residuals from these multiple linear
regression models were saved and used in other multiple linear regression models to investigate
the association between animal-based protein intake and muscle mass and performance. Those
with greater standardized residuals had greater relative intakes of animal-based protein given
their relative energy and protein intakes. Thus, the results of the regression models show the
unique contribution of animal-based protein to muscle mass and performance without the
confounding effects of energy or protein intakes. In addition to controlling for energy and total

protein intakes using this standardized residual methodology, age, and MVPA were included in
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all multiple linear regression models evaluating the relationship between animal-based protein
intake and lean body mass and performance as covariates, and BMI was also included in all
regression models investigating performance variables. As decreases in circulating sex hormones
affect muscle mass and strength,*!? self-reported menopause was included as a categorical
covariate in all aggregated models, where participants were not subdivided by self-reported age.
6.4. Results

Of 192 women included in analyses, a total of 50 women were 18 to 24 years (i.e.,
“college-aged”), 52 were 25 to 44 years (i.e., “young”), 49 were 45 to 60 years (i.e., “middle-
aged”), and 41 were 61 to 79 years (i.e., “older”). Table 14 shows participant age, BMI, mean
time spent in MVPA from accelerometry, and lean body mass and body composition assessed
using DXA, listed by cohort and for the entire sample with unadjusted 95% confidence intervals

for comparison.
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Table 14. Descriptive statisics for the 192 women sample by aggregate and overall.

Mean = SEM 95% Confidence Minimum Maximum
Interval
Age (Years) 1824  20.32+0.264 [19.79, 20.85] 18 24
25-44  33.08+0.842 [31.39, 34.77] 25 44
45-60  52.53+0.677 [51.17, 53.89] 45 60
61-79  66.54+0.778 [64.96, 68.11] 61 79
Total  41.86+ 1.299 [39.30, 44.43] 18 79
Body Mass Index 1824 24.54+0.56 [23.42, 25.66] 18.71 39.59
(kg/m?) 25-44  26.63+0.81 [25.01, 28.26] 17.38 41.87
45-60  25.83+0.68 [24.47,27.18] 19.05 39.28
6179  25.87+0.67 [24.51,27.22] 15.35 36.20
Total  25.72+0.35 [25.03, 26.40] 15.35 41.87
Moderate-to-vigorous  18-24 89.24 +3.52 [82.18, 96.31] 44.69 134.85
Physical Activity 25-44  88.95+3.98 [80.96, 96.94] 18.78 179.42
(minutes/day)* 45-60  97.90 +4.34 [89.17, 106.62] 48.67 185.94
6179  79.50+5.78 [67.83,91.18] 34.92 176.55
Total  89.29+2.21 [84.94, 93.65] 18.78 185.94
Lean Body Mass 1824 43.35+0.90 [41.53,45.17] 30.73 59.50
(kg)f 25-44  44.62+1.03 [42.56, 46.68] 33.00 68.27
45-60  43.00 + 0.65 [41.68, 44.31] 35.95 52.55
6179  40.27+0.80 [38.65, 41.89] 30.54 51.27
Total  42.94+0.45 [42.07, 43.82] 30.54 68.27
Total Body 1824  31.45+0.92 [29.60, 33.29] 20.40 47.10
Composition (% 25-44  34.77+1.06 [32.65, 36.89] 18.00 50.60
Fatf 45-60  35.82+1.07 [33.67, 37.96] 20.50 51.20
61-79 3580+ 1.13 [33.51, 38.08] 20.20 52.30
Total  34.39+0.53 [33.34, 35.44] 18.00 52.30

*Assessed using accelerometry.
tDetermined using dual x-ray absorptiometry.

Mean intakes of total energy, proteins, carbohydrates, and fats and relative intakes of
energy, proteins, carbohydrates, and fats with unadjusted 95% confidence intervals for
comparison, and the results of the paired t-test analyses of dietary intake data comparing the

three-day food diary and the FFQ for both cohort and overall are shown in Table 15.
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Table 15. Mean intakes of energy and macronutreints from three-day food diaries and food frequency questionnaires with paired t-
tests to determine convergent validity of energy and macronutrient intakes.

Three-Day Food Diary

Food Frequency Questionnaire

Mean Paired Difference*

Mean = SEM 95% Confidence Interval Mean = SEM 95% Confidence Interval Mean = SEM P
Total Energy 18-24 2090.7 + 87.6 [1914.6,2266.7] 2266.8 £ 118.5 [2028.7,2504.8] -176.1 £ 124 .4 =0.163
(kcal/day) 25-44 2071.4+73.3 [1924.3,2218.5] 2099.3 £123.2 [1851.9,2346.7] -2791+£111.50 =0.803
45-60 2006.6 +70.7 [1864.6,2148.7] 1726.6 £98.4 [1528.6, 1924.5] 280.08 £ 107.06 =0.012
61-79 1891.8 £ 84.4 [1721.3,2062.4] 1892.4 £153.3 [1582.6,2202.2] -0.54+112.24 =0.996
Total 2021.5+39.6 [1943.4,2099.7] 2003.6 = 62.7 [1879.9,2127.3] 17.9 +58.1 =(.758
Relative Energy 18-24 31.93£1.55 [28.81, 35.04] 34.16 £ 1.87 [30.40, 37.91] -2.23+£1091 =0.248
(kcal/kg/day) 25-44 29.24 £1.21 [26.81, 31.66] 29.41+£1.71 [25.97, 32.84] -0.17 £1.57 =0.915
45-60 28.63+£1.15 [26.33, 30.94] 2477 +1.52 [21.72,27.82] 3.86 +1.55 =0.016
61-79 29.02 £1.58 [25.83, 32.20] 29.02 £ 2.60 [23.75, 34.28] 0.00+1.74 =0.998
Total 29.74 £ 0.69 [28.38, 31.09] 29.38 +0.98 [27.45,31.30] 0.36+0.86 =0.676
Total Fat (g/day) 18-24 82.04 £ 4.00 [74.00, 90.08] 84.41 £4.57 [75.23, 93.59] -2.37+£5.17 =0.649
25-44 87.61 £3.84 [79.90, 95.33] 83.33+5.24 [72.80, 93.85] 429+5.54 =0.443
45-60 85.58 £3.65 [78.24,92.91] 66.61 £3.78 [59.01, 74.22] 18.96 + 4.42 <0.001
61-79 82.14 +£4.88 [72.27, 92.00] 74.19+7.19 [59.66, 88.73] 7.94 +4.53 =0.087
Total 84.47+2.02 [80.49, 88.46] 77.39 £2.63 [72.21, 82.57] 7.08 +2.55 =0.006
Relative Fat 18-24 1.25+£0.07 [1.11,1.38] 1.26 £0.06 [1.13,1.39] -0.01 £0.08 =0.852
(g/kg/day) 25-44 1.23+£0.06 [1.11,1.36] 1.16 £0.07 [1.02,1.31] -0.07 £0.08 =0.371
45-60 1.23+0.06 [1.11, 1.34] 0.96 +0.06 [0.84, 1.08] 0.27 £ 0.06 <0.001
61-79 1.24+0.08 [1.09, 1.40] 1.12+0.11 [0.89, 1.35] 0.12+0.07 =0.088
Total 1.24+£0.03 [1.17,1.30] 1.13+0.04 [1.05,1.20] 0.11 £ 0.04 =0.003
Total Carbohydrate 18-24 24992 £12.18 [225.44,274.41] 276.81 £15.11 [246.43,307.18] -26.88 £ 15.60 =0.091
(g/day) 25-44 236.51+£11.18 [214.06, 258.96] 252.46 +16.89 [218.57,286.36] -15.96 £ 13.79 =0.253
45-60 227.15+10.86 [205.31, 248.99] 211.71 £15.29 [180.98, 242.45] 15.44 £15.42 =0.322
61-79 205.19 £10.81 [183.35,227.03] 229.48 £19.82 [189.42,269.55] -24.30 £ 15.52 =0.125
Total 230.92 +£5.75 [219.59, 242.26] 243.50 + 8.46 [226.80, 260.19] -12.57+7.59 =0.099
Relative Carbohydrate  18-24 3.83+£0.22 [3.40, 4.27] 4.20+0.25 [3.69, 4.70] -0.36 £0.25 =0.144
(g/kg/day) 25-44 333+0.16 [3.00, 3.66] 3.54+0.23 [3.08, 4.00] -0.21+£0.19 =0.269
45-60 322+0.16 [2.89, 3.55] 3.03+£0.23 [2.57,3.50] 0.18+£0.22 =0.412
61-79 3.18+£0.20 [2.77,3.59] 3.56+0.34 [2.88, 4.25] -0.38+£0.24 =0.122
Total 3.40 £ 0.09 [3.21, 3.59] 3.59+0.13 [3.33, 3.85] -0.19+0.11 =0.100
Total Protein (g/day) 18-24 89.78 £4.58 [80.56, 98.99] 101.19 £ 6.79 [87.54, 114.85] -11.42 +5.46 =0.042
25-44 84.64+£3.19 [78.24, 91.05] 86.52+4.82 [76.84, 96.19] -1.87 £5.09 =0.714
45-60 82.79+£2.95 [76.85, 88.72] 71.05+3.78 [63.45, 78.64] 11.74 £4.22 =0.008
61-79 83.46+3.84 [75.69, 91.23] 81.02+7.20 [66.46, 95.58] 244 +£5.76 =0.674
Total 85.25+1.84 [81.62, 88.89] 85.22+294 [79.42,91.01] 0.04 +£2.62 =0.989
Relative Protein 18-24 1.37+£0.08 [1.22,1.52] 1.52+0.10 [1.32,1.73] -0.15+£0.08 =0.067
(g/kg/day) 25-44 121 +£0.06 [1.09, 1.32] 1.20 £ 0.06 [1.08,1.33] 0.00 +0.07 =0.975
45-60 1.19+0.05 [1.08, 1.30] 1.02 +£0.06 [0.90, 1.13] 0.17 £ 0.06 =0.009
61-79 1.28+£0.07 [1.14, 1.43] 1.23+0.11 [1.00, 1.46] 0.05+£0.08 =0.517
Total 1.26 +0.03 [1.20, 1.33] 1.25+0.04 [1.16,1.33] 0.02 +£0.04 =(.669

*Paired differences are equal to values from three-day food diaries minus the value from the food frequency questionaries.?



Overall, total and relative intakes of energy, carbohydrate, and protein were not
significantly different, displaying reasonable concurrent validity. Total (p = 0.006) and relative
(p = 0.003) fat intakes were different for the overall sample. Both the older (i.e., 61-79 years) and
younger (i.e., 25-44 years) cohorts did not have any significant differences between data from
the three-diary and the FFQ. Data from the college-aged cohort (i.e., 18-24 years) were almost as
good, with only total protein intake being significantly different (p = 0.042), according to paired
t-tests. Convergent validity of data from the three-day food diary and the FFQ was poor for
middle-aged women (i.e., 45-60 years), as estimates of total energy (p = 0.012), fat (p <0.001),
and protein (p = 0.008) intakes, and relative energy (p = 0.016), fat (p < 0.001), and protein (p =
0.009) intakes were all significantly different.

Table 16 displays the results of multiple linear models where age, MVPA, and animal-
based protein intake adjusted for energy and protein intakes were entered as predictors and BMI,

lean body mass, appendicular lean body mass, and body composition were outcome variables.
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Table 16. The results of multiple linear regression models examining the assocation of
energy and protein adjusted animal-based protein intake with BMI, lean body mass,
appendicular lean body mass, and body composition when controlling for age and
moderate-to-vigorous physical activity.

Model Animal-Based Protein Intake*

R P B+ SE P
Body Mass Index 18-24 0.228 =0.477 0.762 + 0.582 =0.197
(kg/m?) 25-44 0.409 =0.031 0.489 +0.789 =0.538
45-60 0.289 =0.265 0.819 +0.722 =0.262
61-79 0.172 =0.770 -0.444 £ 0.715 =0.538
Totalf 0.186 =0.157 0.409 + 0.357 =0.253
Lean Body Mass 18-24 0.473 =0.008 0.811+0.854 =0.348
(kg) 25-44 0.241 =0.406 0.399 + 1.061 =0.709
45-60 0.112 =0.903 -0.376 £0.726 =0.607
61-79 0.273 =0.406 0.149 + 0.836 =0.859
Totalt 0.212 =0.070 0.347 + 0.456 =(.448
Appendicular Lean  18-24 0.456 =0.013 0.346 = 0.476 =0.471
Body Mass (kg) 25-44 0.220 =0.491 0.063 + 0.587 =0.915
45-60 0.154 =0.780 -0.319+£0.377 =0.402
61-79 0.282 =0.376 0.097 + 0.392 =0.806
Totalf 0.239 =0.025 0.087 + 0.246 =0.723
Total Body 18-24 0.295 =0.239 1.184 +0.939 =0.214
Composition (% Fat) 25-44 0.523 =0.001 0.769 £ 0.959 =0.427
45-60 0.464 =0.012 1.890 + 1.055 =0.080
61-79 0.265 =0.437 -0.286 £1.182 =0.810
Totalt 0.355 <0.001 0.783 + 0.521 =(0.135

*Relative animal-based protein intake was regressed according to relative energy and protein intakes for
each cohort; standardized residuals were saved and entered into multiple linear regression models
including age, and moderate-to-vigorous physical activity as covariates.

tSelf-reported menopause status was included as a covariate for the total sample.

Only a few regression models were significant, and animal-based protein intake, adjusted
for energy and protein intakes, was not related to BMI, whole-body or appendicular lean body
mass, or body composition.

The results of multiple linear regression models evaluating the association between
animal-based protein intake and muscle strength, muscle endurance, and functional ability are

shown in Table 17.
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Table 17. The results of multiple linear regression models examining the assocation of
energy and protein adjusted animal-based protein intake with handgirp strength, lower-
body strength and endurance, and 30-second chair stand and 6-meter gait speed
performance, when controlling for age, body mass index, and moderate-to-vigorous
physical activity.

Model Animal-Based Protein Intake*

R P B+ SE P
Handgrip Strength ~ 18-24 0.536 =0.004 -0.985 £0.751 =0.196
(kg) 25-44 0.489 =0.011 0.388 £0.678 =0.570
45-60 0.284 =0.779 -0.592 £ 1.008 =0.560
61-79 0.478 =0.048 0.396 = 0.836 =0.610
Totalt 0.410 <0.001 -0.101 £0.431 =0.814
Summed Lower- 18-24 0.584 =0.001 2.151£9.169 =0.816
body Strength (Nm) 25-44 0.390 =0.095 -12.780 £ 9.548 =0.187
45-60 0.333 =0.258 -0.366 £ 7.769 =0.963
61-79 0.664 <0.001 14.834 +7.287 =0.049
Totalt 0.552 <0.001 0.713 £ 4.463 =0.873
Summed Lower- 18-24 0.388 =0.111 -19.267 +£117.203 =0.870
body Endurance (J) 25-44 0.508 =0.006 -61.266 = 98.071 =0.535
45-60 0.235 =0.634 -56.518 £ 73.135 =0.444
61-79 0.653 <0.001 -31.097 £ 85.571 =0.806
Totalt 0.525 <0.001 -42.121 £49.081 =0.392
Thirty Second Chair 18-24 0.151 =0.901 0.548 £ 0.796 =0.495
Stand Test 25-44 0.479 =0.014 -0.356 + 0.447 =0.430
(Repetitions) 45-60 0.186 =0.819 -0.517 £0.735 =0.486
61-79 0.414 =0.138 -0.472 £1.704 =0.507
Totalt 0.259 =0.024 -0.164 £ 0.326 =0.616
Six Meter Gait 18-24 0.351 =0.196 0.172 £ 0.077 =0.030
Speed (s) 25-44 0.551 =0.002 0.123 £0.072 =0.092
45-60 0.334 =0.255 0.003 £ 0.081 =0.972
61-79 0.579 =0.004 -0.177 £ 0.087 =0.049
Totalt 0.370 <0.001 0.051 £ 0.040 =0.206

*Relative animal-based protein intake was regressed according to relative energy and protein intakes for
each cohort; standardized residuals were saved and entered into multiple linear regression models
including age, and moderate-to-vigorous physical activty as covariates.

tSelf-reported menopause status was included as a covariate for the total sample.

For the large part, animal-based protein intake was unrelated to performance. Animal-
based protein was only significant to three regression models evaluating performance variables,
and only two of these models were themselves significant; both of these models were in the older
women cohort, as hypothesized, and likely due to decreased anabolic response to dietary protein
in older’®” but not younger women.>*® Greater animal-based protein intakes relative to one’s
energy and total protein intake was related to greater lower-body strength and faster gait speed in

women 61 to 79 years of age, when controlling for age, BMI, and MVPA.
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6.5. Discussion
For the sample as a whole and generally across cohorts, we found animal-based protein
intake adjusted for energy and protein intakes was unassociated with lean body mass, body
composition, and performance. We did find that increased intake of animal-based proteins,

32.204 j5 associated with

which generally have better protein quality than plant-based proteins,
greater lower body strength and faster gait speed in women 61 to 79 years of age. Although it has
been shown that animal-based proteins are more anabolic than plant-based proteins,**** we did
not find an association between animal-based protein intake and lean body mass for any cohort.
Nonetheless, our findings in older women support the hypothesis that dietary protein quality
becomes more important during aging in women, as older women®*’ do not respond as strongly
to dietary protein compared to younger women.>%

Although unrelated to our hypothesis regarding dietary protein quality, we report that
convergent validity of energy and macronutrient data from three-day food diaries and from a
FFQ?%¢ was poor for women 45 to 60 years of age, but was good for other age groups. In support
of this, others using a sample of 80 middle-aged women, 40 to 65 years of age, found social
desirability led to underestimation of energy intake from a FFQ.!* Food diaries, unlike recalls
and FFQs, demand that participants record their intake in real-time as they eat, and therefore, do
not rely on long-term memory, an advantage of the method.'>

In our view, data from food diaries are more accurate than data from FFQs due to recall
bias. In fact, food diaries, collected for a period of four days, explained a larger proportion of
energy intake and protein intake measured using two biomarkers, doubly-labeled water and

urinary nitrogen, than a 24-hour recall in a sample of 450 older women, 50 to 79 years of age.'®’

Another group of researchers found that nutrient intakes from 3-day food diaries were more

124



closely related to nutrient intakes from three other 3-day food diaries assessed at different times
in the year than intakes from a population specific FFQ.!¢”:1® Some works have even used food
diaries to validate other self-report methods.!®’!7* In addition, food diaries can be used across
contexts, so long as their instructions are clearly translated and participants can write.
Nonetheless, food diaries are reactionary and thus are still biased;'*>!*® participants are recording
foods as they consume them, and therefore are more aware of their food choices, which affects
which foods participants eat and how much they eat. Beyond this limitation, all self-report
measures rely on nutrient databases that may have their own errors or omissions.'*? In sum,
self-reported assessments are biased to some extent,*3151:158 but food diaries seem to be the best
as they limit errors due to recall.!>”!3%168 For these reasons, we determined animal-based protein
intake from three-day food diaries.

Despite our unique approaches of determining animal-based protein intake from three-
day food diaries and regressing animal-protein intake relative to participants’ energy and protein
intakes, this study had some limitations. The data is only cross-sectional and cannot be used to
determine causality. The sample consisted of healthy women who were recruited using
convenience recruiting methods, such as word-of-mouth, e-mails, and flyers, and therefore, the
sample is not representative. Also, aside from the cut-point for older women, other cut-points
between cohorts were arbitrarily chosen in an effort to create equal group sizes. We did,
however, control for both energy and protein intakes when evaluating animal-based protein
intake, and we included an objective measure of physical activity as a covariate in analyses.
Moreover, although we did not objectively measure dietary intake, we determined convergent
validity of our subjective measures of dietary intake by using two different subjective methods to

access dietary intake,!33-303-304
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In conclusion, we report that animal-based protein intake was largely unrelated to muscle
mass, strength and endurance, body composition, and functional ability in a cross-sectional
sample of women. We found that animal-based protein intake, adjusted for energy and protein
intakes, was related to greater lower-body strength and faster gait speed in women 61 to 79 years
of age, supporting the notion that dietary protein quality is more important to older women as

their anabolic response to meal is decreased.*”
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7. CONCLUSION
7.1. Echogenicity and Specific Force
There is no agreed upon definition of muscle quality, but the measurement of muscle
quality by researchers investigating sarcopenia is advocated for by experts.>” Echogenicity?! and
specific force*’ are both considered measures of muscle quality, yet they have been infrequently
compared to one another.?®*%4° Echogenicity and specific force were unrelated in our sample,
indicating that one measure is a not specified to determine muscle quality. As echogenicity was
related to lower-body strength in our sample, specific force is likely not a true measure of muscle
quality. Experts in health, aging and muscle, should come to consensus about how to determine
muscle quality.
7.2. Protein Distribution and Muscle Strength, Quantity, and Quality
The link between the evenness of protein intake distribution and muscle mass is well
established, but the relationship between the evenness of protein intake distribution and strength
and physical performance is more tenuous.’® Achieving of at least 25 grams of protein at each
meal was related to greater amounts of lean body mass, handgrip strength, and lower-body
strength and approached significance for lower-body endurance when controlling for age,
MVPA, BM], relative energy intake, and percent energy from protein. Relative intakes of at least
0.24 for those younger than 60 and 0.4 g per kg body weight per day for those 60 years and older
were related to increased lean body mass, handgrip strength and lower-body endurance,
controlling for the same covariates. Spreading protein intake throughout the day maximizes the

anabolic response to dietary protein benefiting muscle mass and strength.
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7.3. Protein Quality and Muscle Strength, Quantity, and Quality

Proteins from animal sources (i.e., animal-based proteins) have better protein quality®!->2
and are thought to stimulate muscle protein synthesis to a greater extent than lower quality plant-
based proteins.’*>* In a mixed-sex sample of middle-aged men and women, those with greater
intakes of animal-based protein had greater lower-body strength and endurance and handgrip
strength when controlling for sex, age, BMI, MVPA, relative energy intake and percent energy
from the macronutrients. Increased intake of animal-based protein relative to participants’ energy
and protein intakes was related to greater lower-body strength and faster gait speed in older, but
not younger women. Results indicate that dietary protein quality is more important during aging

to mitigate losses in muscle mass and strength.

128



REFERENCES
Heymsfield SB, Smith R, Aulet M, et al. Appendicular skeletal muscle mass:
measurement by dual-photon absorptiometry. Am J Clin Nutr. 1990;52(2):214-218.
doi:10.1093/ajen/52.2.214
Kyle UG, Genton L, Hans D, Pichard C. Validation of a bioelectrical impedance analysis
equation to predict appendicular skeletal muscle mass (ASMM). Clin Nutr.
2003;22(6):537-543. doi:10.1016/S0261-5614(03)00048-7
Clark BC, Manini TM. Sarcopenia # dynapenia. J Gerontol Med Sci. 2008;63A(8):829-
834.
Erlandson MC, Lorbergs AL, Mathur S, Cheung AM. Muscle analysis using pQCT, DXA
and MRI. Eur J Radiol. 2016;85(8):1505-1511. doi:10.1016/j.ejrad.2016.03.001
Kent-Braun JA, Ng A V., Young K. Skeletal muscle contractile and noncontractile
components in young and older women and men. J App! Physiol. 2000;88(2):662-668.
doi:10.1152/jappl.2000.88.2.662
Fukumoto Y, Ikezoe T, Yamada Y, et al. Skeletal muscle quality assessed from echo
intensity is associated with muscle strength of middle-aged and elderly persons. Eur J
Appl Physiol. 2012;112(4):1519-1525. doi:10.1007/s00421-011-2099-5
Delmonico MJ, Harris TB, Visser M, et al. Longitudinal study of muscle strength, quality,
and adipose tissue infiltration. Am J Clin Nutr. 2009;90(6):1579-1585.
doi:10.3945/ajcn.2009.28047
Dent E, Kowal P, Hoogendijk EO. Frailty measurement in research and clinical practice: a

review. Eur J Intern Med. 2016;31:3-10. doi:10.1016/j.ejim.2016.03.007

129



10.

11.

12.

13.

14.

15.

16.

Lev MH, Gonzalez RG. CT angiography and CT perfusion imaging. In: Toga AW,
Mazziotta CJ, eds. Brain Mapping: The Methods. Amsterdam: Academic Press; 2002:427-
484. doi:10.1016/B978-012693019-1/50019-8

Goodpaster BH, Kelley DE, Thaete FL, He J, Ross R. Skeletal muscle attenuation
determined by computed tomography is associated with skeletal muscle lipid content. J
Appl Physiol. 2000;89(1):104-110. doi:10.1152/jappl.2000.89.1.104

Beaudart C, Rolland Y, Cruz-Jentoft AJ, et al. Assessment of muscle function and
physical performance in daily clinical practice. Calcif Tissue Int. 2019;105(1):1-14.
Roberts HC, Denison HJ, Martin HJ, et al. A review of the measurement of grip strength
in clinical and epidemiological studies: towards a standardised approach. Age Ageing.
2011;40(4):423-429. doi:10.1093/ageing/afr051

Gentil P, Del Vecchio FB, Paoli A, Schoenfeld BJ, Bottaro M. Isokinetic dynamometry
and 1RM tests produce conflicting results for assessing alterations in muscle strength. J
Hum Kinet. 2017;56(1):19-27. doi:10.1515/hukin-2017-0019

Feiereisen P, Vaillant M, Eischen D, Delagardelle C. Isokinetic versus One-repetition
maximum strength assessment in chronic heart failure. Med Sci Sports Exerc.
2010;42(12):2156-2163. doi:10.1249/MSS.0b013e3181e3e2cb

Levinger I, Goodman C, Hare DL, Jerums G, Toia D, Selig S. The reliability of the IRM
strength test for untrained middle-aged individuals. J Sci Med Sport. 2009;12(2):310-316.
doi:10.1016/j.jsams.2007.10.007

Salem GJ, Wang M-Y, Sigward S. Measuring lower extremity strength in older adults: the

stability of isokinetic versus 1RM measures. J Aging Phys Act. 2002;10(4):489-503.

130



17.

18.

19.

20.

21.

22.

23.

Distefano G, Standley RA, Zhang X, et al. Physical activity unveils the relationship
between mitochondrial energetics, muscle quality, and physical function in older adults. J
Cachexia Sarcopenia Muscle. 2018;9(2):279-294. doi:10.1002/jcsm.12272
Tracy BL, Ivey FM, Hurlbut D, et al. Muscle quality. II. Effects Of strength training in 65-
to 75-yr-old men and women. J App! Physiol. 1999;86(1):195-201.
doi:10.1152/jappl.1999.86.1.195

Francis P, Toomey C, Mc Cormack W, Lyons M, Jakeman P. Measurement of maximal
isometric torque and muscle quality of the knee extensors and flexors in healthy 50- to 70-
year-old women. Clin Physiol Funct Imaging. 2017;37(4):448-455. doi:10.1111/cpf.12332
Harbo T, Brincks J, Andersen H. Maximal isokinetic and isometric muscle strength of
major muscle groups related to age, body mass, height, and sex in 178 healthy subjects.
Eur J Appl Physiol. 2012;112(1):267-275. doi:10.1007/s00421-011-1975-3

Yoshiko A, Kaji T, Sugiyama H, Koike T, Oshida Y, Akima H. Muscle quality
characteristics of muscles in the thigh, upper arm and lower back in elderly men and
women. Eur J Appl Physiol. 2018;118(7):1385-1395. doi:10.1007/s00421-018-3870-7
Lauretani F, Roberto Russo C, Bandinelli S, et al. Age-associated changes in skeletal
muscles and their effect on mobility: an operational diagnosis of sarcopenia. J App!
Physiol. 2003;95:1851-1860.

Marcell TJ, Hawkins SA, Wiswell RA. Leg strength declines with advancing age despite
habitual endurance exercise in active older adults. J Strength Cond Res. 2014;28(2):504-

513.

131



24.

25.

26.

27.

28.

29.

Morse CI, Thom JM, Reeves ND, Birch KM, Narici M V. In vivo physiological cross-
sectional area and specific force are reduced in the gastrocnemius of elderly men. J App!/
Physiol. 2005;99(3):1050-1055. doi:10.1152/japplphysiol.01186.2004

Metter EJ, Lynch N, Conwit R, Lindle R, Tobin J, Hurley B. Muscle quality and age:
cross-sectional and longitudinal comparisons. Journals Gerontol - Ser A Biol Sci Med Sci.
1999;54A(5):B207-B218. doi:10.1093/gerona/54.5.B207

Strasser EM, Draskovits T, Praschak M, Quittan M, Graf A. Association between
ultrasound measurements of muscle thickness, pennation angle, echogenicity and skeletal
muscle strength in the elderly. Age (Omaha). 2013;35(6):2377-2388. doi:10.1007/s11357-
013-9517-z

Scott D, Blizzard L, Fell J, Giles G, Jones G. Associations between dietary nutrient intake
and muscle mass and strength in community-dwelling older adults: The Tasmanian Older
Adult Cohort Study. J Am Geriatr Soc. 2010;58(11):2129-2134. doi:10.1111/5.1532-
5415.2010.03147.x

Buchner DM, Larson EB, Wagner EH, Koepsell TD, De Lateur BJ. Evidence for a non-
linear relationship between leg strength and gait speed. Age Ageing. 1996;25(5):386-391.
doi:10.1093/ageing/25.5.386

Tomlinson DJ, Erskine RM, Morse CI, Onambélé GL. Impact of above-average
proanabolic nutrients is overridden by high protein and energy intake in the muscle-tendon
unit characteristics of middle- to older-aged adults. J Nutr. 2018;148(11):1776-1785.

doi:10.1093/jn/nxy185

132



30.

31.

32.

33.

34.

35.

36.

37.

Koster A, Ding J, Stenholm S, et al. Does the amount of fat mass predict age-related loss
of lean mass, muscle strength, and muscle quality in older adults? Journals Gerontol - Ser
A Biol Sci Med Sci. 2011;66 A(8):888-895. doi:10.1093/gerona/glr070

Newman AB, Haggerty CL, Goodpaster B, et al. Strength and muscle quality in a well-
functioning cohort of older adults: The Health, Aging and Body Composition Study. J Am
Geriatr Soc. 2003;51(3):323-330. doi:10.1046/j.1532-5415.2003.51105.x

Yoon DH, Lee JY, Song W. Effects of resistance exercise training on cognitive function
and physical performance in cognitive frailty: a randomized controlled trial. J Nutr Heal
Aging. 2018;22(8):944-951. doi:10.1007/s12603-018-1090-9

Pavasini R, Guralnik J, Brown JC, et al. Short Physical Performance Battery and all-cause
mortality: systematic review and meta-analysis. BMC Med. 2016;14(215):1-9.
doi:10.1186/s12916-016-0763-7

Bischoff HA, Stdhelin HB, Monsch AU, et al. Identifying a cut-off point for normal
mobility: a comparison of the timed “up and go” test in community-dwelling and
institutionalised elderly women. Age Ageing. 2003;32(3):315-320.
doi:10.1093/ageing/32.3.315

Newman AB, Simonsick EM, Naydeck BL, et al. Association of long-distance corridor
walk performance with mortality, cardiovascular disease, mobility limitation, and
disability. J Am Med Assoc. 2006;295(17):2018-2026. doi:10.1001/jama.295.17.2018
Studenski S, Perera S, Patel K, et al. Gait speed and survival in older adults. J Am Med
Assoc. 2011;305(1):50-58.

Cruz-Jentoft AJ, Bahat G, Bauer J, et al. Sarcopenia: revised European consensus on

definition and diagnosis. Age Ageing. 2019;48:16-31. doi:10.1093/ageing/aty169

133



38.

39.

40.

41.

42.

43.

44,

45.

Barbat-Artigas S, Rolland Y, Zamboni M, Aubertin-Leheudre M. How to assess
functional status: a new muscle quality index. J Nutr Health Aging. 2012;16(1):67-77.
Lee RC, Wang Z, Heo M, Ross R, Janssen I, Heymsfield SB. Total-body skeletal muscle
mass: development and cross-validation of anthropometric prediction models. Am J Clin
Nutr. 2000;72(3):796-803. doi:10.1093/ajcn/72.3.796

Committee on Military Nutrition Research, Institute of Medicine. The Role of Protein and
Amino Acids in Sustaining and Enhancing Performance. Washington, D.C.: National
Academy Press; 1999.

Carbone JW, McClung JP, Pasiakos SM. Recent advances in the characterization of
skeletal muscle and whole-body protein responses to dietary protein and exercise during
negative energy balance. Adv Nutr. 2019;10:70-79. doi:10.1093/advances/nmy087
Timmerman KL, Volpi E. Amino acid metabolism and regulatory effects in aging. Curr
Opin Clin Nutr Metab Care. 2008;11(1):45-49. doi:10.1097/MCO.0b013e3282{2a592
Reeds PJ, Fjeld CR, Jahoor F. Do the differences between the amino acid compositions of
acute-phase and muscle proteins have a bearing on nitrogen loss in traumatic states? J
Nutr. 1994;124(6):906-910. doi:10.1093/jn/124.6.906

Layman DK, Boileau RA, Erickson DJ, et al. A reduced ratio of dietary carbohydrate to
protein improves body composition and blood lipid profiles during weight loss in adult
women. J Nutr. 2003;133:411-417. doi:10.1093/jn/133.2.411

Beaudart C, Zaaria M, Pasleau F, Reginster JY, Bruyere O. Health outcomes of
sarcopenia: a systematic review and meta-analysis. PLoS One. 2017;12(1):1-16.

doi:10.1371/journal.pone.0169548

134



46.

47.

48.

49.

50.

51.

52.

53.

Piercy KL, Troiano RP, Ballard RM, et al. The Physical Activity Guidelines for
Americans. J Am Med Assoc. 2018;320(19):2020-2028. doi:10.1001/jama.2018.14854
Barbat-Artigas S, Rolland Y, Vellas B, Aubertin-Leheudre M. Muscle quantity is not
synonymous with muscle quality. J Am Med Dir Assoc. 2013;14(11):852.e1-852.e7.
doi:10.1016/j.jamda.2013.06.003

Ismail C, Zabal J, Hernandez HJ, et al. Diagnostic ultrasound estimates of muscle mass
and muscle quality discriminate between women with and without sarcopenia. Front
Physiol. 2015;6(302):1-10. doi:10.3389/fphys.2015.00302

Choi SJ, Files DC, Zhang T, et al. Intramyocellular lipid and impaired myofiber
contraction in normal weight and obese older adults. Journals Gerontol - Ser A Biol Sci
Med Sci. 2016;71(4):557-564. doi:10.1093/gerona/glv169

Jespersen SE, Agergaard J. Evenness of dietary protein distribution is associated with
higher muscle mass but not muscle strength or protein turnover in healthy adults: a
systematic review. Eur J Nutr. 2021;60(6):3185-3202. doi:10.1007/s00394-021-02487-2
Schaafsma G. The Protein Digestibility—Corrected Amino Acid Score. J Nutr.
2000;130(7):1865S-1867S. doi:10.1093/jn/130.7.1865S

Mathai JK, Liu Y, Stein HH. Values for Digestible Indispensable Amino Acid Scores
(DIAAS) for some dairy and plant proteins may better describe protein quality than values
calculated using the concept for Protein Digestibility-Dorrected Amino Acid Scores
(PDCAAS). Br J Nutr. 2017;117(4):490-499. doi:10.1017/S0007114517000125

van Vliet S, Burd NA, van Loon LJ. The skeletal muscle anabolic response to plant-
versus animal-based protein consumption. J Nutr. 2015;145(9):1981-1991.

doi:10.3945/jn.114.204305

135



54.

55.

56.

57.

58.

59.

60.

61.

Berrazaga I, Micard V, Gueugneau M, Walrand S. The role of the anabolic properties of
plant-versus animal-based protein sources in supporting muscle mass maintenance: a
critical review. Nutrients. 2019;11(1825):1-21. d0i:10.3390/nul 1081825

Lindboe CF, Torvik A. The effects of ageing, cachexia and neoplasms on striated muscle.
Quantitative histological and histochemical observations on an autopsy material. Acta
Neuropathol. 1982;57:85-92. doi:10.1007/BF00685374

Oertel G. Changes in human skeletal muscles due to ageing. Histological and
histochemical observations on autopsy material. Acta Neuropathol. 1986;69:309-313.
doi:10.1007/BF00688309

Chiles Shaffer N, Fabbri E, Ferrucci L, Shardell M, Simonsick EM, Studenski S. Muscle
Quality, Strength, and Lower Extremity Physical Performance in the Baltimore
Longitudinal Study of Aging. J Frailty Aging. 2017;6(4):183-187.
doi:10.14283/jfa.2017.24

Larsson L, Degens H, Li M, et al. Sarcopenia: Aging-related loss of muscle mass and
function. Physiol Rev. 2019;99(1):427-511. doi:10.1152/physrev.00061.2017

Fiatarone MA, Marks EC, Ryan ND, Meredith CN, Lipsitz LA, Evans WJ. High-intensity
strength training in nonagenarians: effects on skeletal muscle. J Am Med Assoc.
1990;263(22):3029-3034. doi:10.1001/jama.1990.03440220053029

Henneman E. Relation between size of neurons and their susceptibility to discharge.
Science (80- ). 1957;126(3287):1345-1347.

Henneman E. The size-principle: a deterministic output emerges from a set of

probabilistic connections. J Exp Biol. 1985;115:105-112.

136



62.

63.

64.

65.

66.

67.

68.

69.

70.

Kraemer WJ, Looney DP. Underlying mechanisms and physiology of muscular power.
Strength Cond J. 2012;34(6):13-19. doi:10.1519/SSC.0b013e318270616d

Morley JE, Baumgartner RN, Roubenoff R, Mayer J, Nair KS. Sarcopenia. J Lab Clin
Med. 2001;137(4):231-243. doi:10.1067/mlc.2001.113504

Keller K, Engelhardt M. Strength and muscle mass loss with aging process. Age and
strength loss. Muscles Ligaments Tendons J. 2013;3(4):346-350.
doi:10.11138/mltj/2013.3.4.346

Cruz-Jentoft AJ, Baeyens JP, Bauer JM, et al. Sarcopenia: European consensus on
definition and diagnosis: Report of the European Working Group on Sarcopenia in Older
People. Age Ageing. 2010;39(4):412-423. doi:10.1093/ageing/afq034

Chen L-K, Liu L-K, Woo J, et al. Sarcopenia in Asia: consensus report of the Asian
Working Group for Sarcopenia. J Am Med Dir Assoc. 2014;15(2):95-101.
doi:10.1016/J.JAMDA.2013.11.025

Anker SD, Morley JE, von Haehling S. Welcome to the ICD-10 code for sarcopenia. J
Cachexia Sarcopenia Muscle. 2016;7(5):512-514. doi:10.1002/jcsm.12147

Chen L-K, Woo J, Assantachai P, et al. Asian Working Group for Sarcopenia: 2019
consensus update on sarcopenia diagnosis and treatment. J Am Med Dir Assoc.
2020;21(3):300-307.

United States Census Bureau. Explore census data. https://data.census.gov/cedsci/.
Accessed March 20, 2021.

American Academy of Orthotists and Prosthetists. Five Time Sit to Stand Test (FTSST) -
YouTube. https://www.youtube.com/watch?v=_jPl-[uRJ5A. Published 2017. Accessed

June 2, 2021.

137



71.

72.

73.

74.

75.

76.

77.

78.

Jones CJ, Rikli RE, Beam WC. A 30-s chair-stand test as a measure of lower body
strength in community-residing older adults. Res Q Exerc Sport. 1999;70(2):113-119.
doi:10.1080/02701367.1999.10608028

McGrath R, Johnson N, Klawitter L, et al. What are the association patterns between
handgrip strength and adverse health conditions? A topical review. SAGE Open Med.
2020;8:1-12. doi:10.1177/2050312120910358

Stark T, Walker B, Phillips JK, Fejer R, Beck R. Hand-held dynamometry correlation with
the gold standard isokinetic dynamometry: a systematic review. PM&R. 2011;3(5):472-
479. doi:10.1016/5.pmrj.2010.10.025

Shaw CE, McCully KK, Posner JD. Injuries during the one repetition maximum
assessment in the elderly. J Cardiopulm Rehabil. 1995;15(4):283-287.

Kaelin ME, Swank AM, Adams KJ, Barnard KL, Berning JM, Green A. Cardiopulmonary
responses, muscle soreness, and injury during the one repetition maximum assessment in
pulmonary rehabilitation patients. J Cardiopulm Rehabil. 1999;19(6):366-372.

Barnard KL, Adams KJ, Swank AM, Mann E, Denny DM. Injuries and muscle soreness
during the one repetition maximum assessment in a cardiac rehabilitation population. J
Cardiopulm Rehabil Prev. 1999;19(1):52-58.

Li RC, Jasiewicz JM, Middleton J, et al. The development, validity, and reliability of a
manual muscle testing device with integrated limb position sensors. Arch Phys Med
Rehabil. 2006;87(3):411-417. doi:10.1016/j.apmr.2005.11.011

Wang YC, Bohannon RW, Li X, Yen SC, Sindhu B, Kapellusch J. Summary of grip

strength measurements obtained in the 2011-2012 and 2013-2014 National Health and

138



79.

80.

81.

82.

3.

&4.

85.

Nutrition Examination Surveys. J Hand Ther. 2019;32(4):489-496.
doi:10.1016/.jht.2018.03.002

De Stefano F, Zambon S, Giacometti L, et al. Obesity, muscular strength, muscle
composition and physical performance in an elderly population. J Nutr Heal Aging.
2015;19(7):785-791. doi:10.1007/s12603-015-0482-3

Leong DP, Teo KK, Rangarajan S, et al. Prognostic value of grip strength: findings from
the Prospective Urban Rural Epidemiology (PURE) study. Lancet. 2015;386(9990):266-
273. doi:10.1016/S0140-6736(14)62000-6

Norman K, Stobdus N, Smoliner C, et al. Determinants of hand grip strength, knee
extension strength and functional status in cancer patients. Clin Nutr. 2010;29(5):586-591.
doi:10.1016/j.clnu.2010.02.007

Guralnik JM, Simonsick EM, Ferrucci L, et al. A short physical performance battery
assessing lower extremity function: association with self-reported disability and prediction
of mortality and nursing home admission. Journals Gerontol. 1994;49(2):M85-M94.
doi:10.1093/geronj/49.2. M85

Mathias S, Nayak US, Isaacs B. Balance in elderly patients: the “get-up and go” test. Arch
Phys Med Rehabil. 1986;67(6):387-389.

Podsiadlo D, Richardson S. The Timed “Up & Go™: a test of basic functional mobility for
frail elderly persons. J Am Geriatr Soc. 1991;39(2):142-148.
doi:https://doi.org/10.1111/j.1532-5415.1991.tb01616.x

Morley JE. Pharmacologic options for the treatment of sarcopenia. Calcif Tissue Int.

2016;98(4):319-333. doi:10.1007/500223-015-0022-5

139



86.

87.

88.

9.

90.

91.

92.

Hardee JP, Lynch GS. Current pharmacotherapies for sarcopenia. Expert Opin
Pharmacother. 2019;20(13):1645-1657. doi:10.1080/14656566.2019.1622093

Witard OC, McGlory C, Hamilton DL, Phillips SM. Growing older with health and
vitality: a nexus of physical activity, exercise and nutrition. Biogerontology.
2016;17(3):529-546. doi:10.1007/s10522-016-9637-9

Witard OC, Wardle SL, Macnaughton LS, Hodgson AB, Tipton KD. Protein
considerations for optimising skeletal muscle mass in healthy young and older adults.
Nutrients. 2016;8(181):1-25. doi:10.3390/nu8040181

Hashemi R, Motlagh AD, Heshmat R, et al. Diet and its relationship to sarcopenia in
community dwelling iranian elderly: a cross sectional study. Nutrition. 2015;31(1):97-104.
doi:10.1016/j.nut.2014.05.003

Granic A, Mendonga N, Sayer AA, et al. Effects of dietary patterns and low protein intake
on sarcopenia risk in the very old: The Newcastle 85+ study. Clin Nutr. 2020;39(1):166-
173. d0i:10.1016/j.clnu.2019.01.009

Abiri B, Vafa M. Nutrition and sarcopenia: a review of the evidence of nutritional
influences. Crit Rev Food Sci Nutr. 2019;59(9):1456-1466.
doi:10.1080/10408398.2017.1412940

Hanach NI, McCullough F, Avery A. The impact of dairy protein intake on muscle mass,
muscle strength, and physical performance in middle-aged to older adults with or without
existing sarcopenia: a systematic review and meta-analysis. Adv Nutr. 2019;10(1):56-69.

doi:10.1093/advances/nmy065

140



93.

94.

95.

96.

97.

98.

99.

Yoo J Il, Ha YC, Lee YK, Hana-Choi, Yoo MJ, Koo KH. High prevalence of sarcopenia
among binge drinking elderly women: a nationwide population-based study. BMC
Geriatr. 2017;17(114):1-8. doi:10.1186/s12877-017-0507-3

Steffl M, Bohannon RW, Petr M, Kohlikova E, Holmerova I. Alcohol consumption as a
risk factor for sarcopenia - a meta-analysis. BMC Geriatr. 2016;16(99):1-7.
doi:10.1186/s12877-016-0270-x

Hairi NN, Cumming RG, Naganathan V, et al. Loss of muscle strength, mass (sarcopenia),
and quality (specific force) and its relationship with functional limitation and physical
disability: The Concord Health and Ageing in Men Project. J Am Geriatr Soc.
2010;58(11):2055-2062. doi:10.1111/5.1532-5415.2010.03145.x

Bradlee ML, Mustafa J, Singer MR, Moore LL. High-protein foods and physical activity
protect against age-related muscle loss and functional decline. Journals Gerontol - Ser A
Biol Sci Med Sci. 2018;73(1):88-94. doi:10.1093/gerona/glx070

Buchner DM, Cress ME, De Lateur BJ, et al. The effect of strength and endurance training
on gait, balance, fall risk, and health services use in community-living older adults.
Journals Gerontol - Ser A Biol Sci Med Sci. 1997;52A(4):M218-M224.
doi:10.1093/gerona/52A.4.M218

Brooks N, Layne JE, Gordon PL, Roubenoff R, Nelson ME, Castaneda-Sceppa C.
Strength training improves muscle quality and insulin sensitivity in Hispanic older adults
with type 2 diabetes. Int J Med Sci. 2012;4(1):19-27. do0i:10.7150/ijms.4.19

Rubio-Arias JA, Rodriguez-Ferndndez R, Andreu L, Martinez-Aranda LM, Martinez-

Rodriguez A, Ramos-Campo DJ. Effect of sleep quality on the prevalence of sarcopenia in

141



100.

101.

102.

103.

104.

105.

older adults: a systematic review with meta-analysis. J Clin Med. 2019;8(2156):1-13.
doi:10.3390/jcm8122156

Pourmotabbed A, Ghaedi E, Babaei A, et al. Sleep duration and sarcopenia risk: a
systematic review and dose-response meta-analysis. Sleep Breath. 2020;24(4):1267-1278.
doi:10.1007/s11325-019-01965-6

Jo Y, Linton JA, Choi J, et al. Association between cigarette smoking and sarcopenia
according to obesity in the middle-aged and elderly Korean population: The Korea
National Health and Nutrition Examination Survey (2008-2011). Korean J Fam Med.
2019;40(2):87-92.

Locquet M, Bruyere O, Lengelé L, Reginster JY, Beaudart C. Relationship between
smoking and the incidence of sarcopenia: The SarcoPhAge cohort. Public Health.
2021;193:101-108. doi:10.1016/j.puhe.2021.01.017

Haub MD, Wells AM, Tarnopolsky MA, Campbell WW. Effect of protein source on
resistive-training-induced changes in body composition and muscle size in older men. 4m
J Clin Nutr. 2002;76(3):511-517. doi:10.1093/ajcn/76.3.511

Fricke O, Baecker N, Heer M, Tutlewski B, Schoenau E. The effect of l-arginine
administration on muscle force and power in postmenopausal women. Clin Physiol Funct
Imaging. 2008;28(5):307-311. doi:10.1111/j.1475-097X.2008.00809.x

Goodpaster BH, Park SW, Harris TB, et al. The loss of skeletal muscle strength, mass, and
quality in older adults: The Health, Aging and Body Composition Study. Journals
Gerontol Ser A Biol Sci Med Sci. 2011;61A(10):1059-1064.

doi:10.1093/gerona/61.10.1059

142



106. Reinders I, Murphy RA, Brouwer IA, et al. Muscle quality and myosteatosis: novel
associations with mortality risk. Am J Epidemiol. 2016;183(1):53-60.
doi:10.1093/aje/kwv153

107. Looijaard WGPM, Dekker IM, Stapel SN, et al. Skeletal muscle quality as assessed by
CT-derived skeletal muscle density is associated with 6-month mortality in mechanically
ventilated critically ill patients. Crit Care. 2016;20(386):1-10. doi:10.1186/s13054-016-
1563-3

108. Salim SY, Al-Khathiri O, Tandon P, et al. Thigh Ultrasound Used to Identify Frail Elderly
Patients with Sarcopenia Undergoing Surgery: A Pilot Study. J Surg Res. 2020;256:422-
432. doi:10.1016/j.js5.2020.06.043

109. Clark R V., Walker AC, Miller RR, O’Connor-Semmes RL, Ravussin E, Cefalu WT.
Creatine (methyl-d3) dilution in urine for estimation of total body skeletal muscle mass:
Accuracy and variability vs. MRI and DXA. J Appl Physiol. 2018;124(1):1-9.
doi:10.1152/japplphysiol.00455.2016

110. Chastin SFM, Ferriolli E, Stephens NA, Fearon KCH, Greig C. Relationship between
sedentary behaviour, physical activity, muscle quality and body composition in healthy
older adults. Age Ageing. 2011;41(1):111-114.

111. Van Loan MD, Keim NL, Adams SH, et al. Dairy foods in a moderate energy restricted
diet do not enhance central fat, weight, and intra-abdominal adipose tissue losses nor
reduce adipocyte size or inflammatory markers in overweight and obese adults: A

controlled feeding study. J Obes. 2011;2011(989657):1-14. doi:10.1155/2011/989657

143



112. Abe T, Yasuda T, Midorikawa T, et al. Skeletal muscle size and circulating IGF-1 are
increased after two weeks of twice daily “KAATSU” resistance training. Int J KAATSU
Train Res. 2005;1(1):6-12. doi:10.3806/ijktr.1.6

113. Anderson DE. Reliability of air displacement plethysmography. J Strength Cond Res.
2009;21(1):169-172.

114. Shen W, Punyanitya M, Wang ZM, et al. Total body skeletal muscle and adipose tissue
volumes: estimation from a single abdominal cross-sectional image. J Appl Physiol.
2004;97(6):2333-2338. doi:10.1152/japplphysiol.00744.2004

115. Gould DW, Watson EL, Wilkinson TJ, et al. Ultrasound assessment of muscle mass in
response to exercise training in chronic kidney disease: a comparison with MRI. J
Cachexia Sarcopenia Muscle. 2019;10(4):748-755. doi:10.1002/jcsm.12429

116. Laurentino GC, Ugrinowitsch C, Roschel H, et al. Strength training with blood flow
restriction diminishes myostatin gene expression. Med Sci Sports Exerc. 2012;44(3):406-
412. doi:10.1249/MSS.0b013e318233b4bc

117. Ivey FM, Tracy BL, Lemmer JT, et al. Effects of strength training and detraining on
muscle quality. Journals Gerontol Ser A Biol Sci Med Sci. 2000;55A(3):B152-B157.

118. Johansen KL, Shubert T, Doyle J, Soher B, Sakkas GK, Kent-Braun JA. Muscle atrophy
in patients receiving hemodialysis: effects on muscle strength, muscle quality, and
physical function. Kidney Int. 2003;63(1):291-297. doi:10.1046/j.1523-
1755.2003.00704.x

119. Yoshimura Y, Wakabayashi H, Bise T, Tanoue M. Prevalence of sarcopenia and its
association with activities of daily living and dysphagia in convalescent rehabilitation

ward inpatients. Clin Nutr. 2018;37(6):2022-2028. do0i:10.1016/j.clnu.2017.09.009

144



120.

121.

122.

123.

124.

125.

126.

127.

Yamada Y, Nishizawa M, Uchiyama T, et al. Developing and validating an age-
independent equation using multi-frequency bioelectrical impedance analysis for
estimation of appendicular skeletal muscle mass and establishing a cutoff for sarcopenia.
Int J Environ Res Public Health. 2017;14(809):1-14. doi:10.3390/ijerph14070809

Abiri B, Vafa MR, Dehghani M, Moslehi N, Sarrafzadeh J. Effect of vitamin D
supplement consumption on muscle strength, muscle function and body composition in
vitamin d-deficient middle-aged women: a randomized clinical trial. Nutr Food Sci Res.
2016;3(3):17-24.

Fivez T, Hendrickx A, Van Herpe T, et al. An analysis of reliability and accuracy of
muscle thickness ultrasonography in critically ill children and adults. J Parenter Enter
Nutr. 2016;40(7):944-949. doi:10.1177/0148607115575033

Heymsfield SB, Arteaga C, McManus CM, Smith J, Moffitt S. Measurement of muscle
mass in humans: validity of the 24-hour urinary creatinine method. Am J Clin Nutr.
1983;37(3):478-494. doi:10.1093/ajcn/37.3.478

Tzankoff SP, Norris AH. Effect of muscle mass decrease on age-related BMR changes. J
Appl Physiol Respir Environ Exerc Physiol. 1977;43(6):1001-1006.
doi:10.1152/jappl.1977.43.6.1001

Prado CMM, Heymsfield SB. Lean tissue imaging: a new era for nutritional assessment
and intervention. J Parenter Enter Nutr. 2014;38(8):940-953.
doi:10.1177/0148607114550189

Stringer HJ, Wilson D. The Role of Ultrasound as a Diagnostic Tool for Sarcopenia. J
frailty aging. 2018;7(4):258-261. doi:10.14283/jfa.2018.24

Rasband WS. Imagel. 1997.

145



128.

129.

130.

131.

132.

133.

134.

135.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagelJ: 25 years of image
analysis. Nat Methods. 2012;9(7):671-675.

Lynch NA, Metter EJ, Lindle RS, et al. Muscle quality. I. Age-associated differences
between arm and leg muscle groups. J Appl Physiol. 1998;86(1):188-194.
doi:10.1152/jappl.1999.86.1.188

Misic MM, Rosengren KS, Woods JA, Evans EM. Muscle quality, aerobic fitness and fat
mass predict lower-extremity physical function in community-dwelling older adults.
Gerontology. 2007;53(5):260-266. doi:10.1159/000101826

Volpato S, Bianchi L, Lauretani F, et al. Role of muscle mass and muscle quality in the
association between diabetes and gait speed. Diabetes Care. 2012;35(8):1672-1679.
doi:10.2337/dc11-2202

Yoda M, Inaba M, Okuno S, et al. Poor muscle quality as a predictor of high mortality
independent of diabetes in hemodialysis patients. Biomed Pharmacother. 2012;66(4):266-
270. doi:10.1016/j.biopha.2011.11.001

Bodine SC. Disuse-induced muscle wasting. Int J Biochem Cell Biol. 2013;45(10):2200-
2208. doi:10.1016/j.biocel.2013.06.011

Barragén R, Coltell O, Portolés O, et al. Bitter, sweet, salty, sour and umami taste
perception decreases with age: sex-specific analysis, modulation by genetic variants and
taste-preference associations in 18 to 80 year-old subjects. Nutrients. 2018;10(1539):1-23.
doi:10.3390/nu10101539

Hatta K, Tkebe K. Association between oral health and sarcopenia: a literature review. J

Prosthodont Res. 2021;65(2):131-136. doi:10.2186/jpr.jpor 2019 567

146



136.

137.

138.

139.

140.

141.

142.

143.

Feldman RS, Kapur KK, Alman JE, Chauncey HH. Aging and mastication: changes in
performance and in the swallowing threshold with natural dentition. J Am Geriatr Soc.
1980;28(3):97-103. doi:https://doi.org/10.1111/5.1532-5415.1980.tb00240.x
Nieuwenhuizen WF, Weenen H, Rigby P, Hetherington MM. Older adults and patients in
need of nutritional support: review of current treatment options and factors influencing
nutritional intake. Clin Nutr. 2010;29(2):160-169. doi:10.1016/j.clnu.2009.09.003
Geisler C, Braun W, Pourhassan M, et al. Age-dependent changes in resting energy
expenditure (REE): insights from detailed body composition analysis in normal and
overweight healthy caucasians. Nutrients. 2016;8(322):1-11. doi:10.3390/nu8060322
Lee DC, Shook RP, Drenowatz C, Blair SN. Physical activity and sarcopenic obesity:
definition, assessment, prevalence and mechanism. Futur Sci OA. 2016;2(3):1-19.
doi:10.4155/fs0a-2016-0028

Tian S, Xu Y. Association of sarcopenic obesity with the risk of all-cause mortality: a
meta-analysis of prospective cohort studies. Geriatr Gerontol Int. 2016;16(2):155-166.
doi:10.1111/ggi.12579

Baumgartner RN, Wayne SJ, Waters DL, Janssen I, Gallagher D, Morley JE. Sarcopenic
obesity predicts instrumental activities of daily living disability in the elderly. Obes Res.
2004;12(12):1995-2004. doi:10.1038/0by.2004.250

USDA. 2015 — 2020 Dietary Guidelines for Americans. 8th Edition.
https://health.gov/dietaryguidelines/2015/. Published 2015. Accessed January 29, 2019.

USDA. Dietary Guidelines for Americans, 2020-2025. 9th Edition. 2020.

147



144.

145.

146.

147.

148.

149.

150.

Bernstein M, Munoz N. Position of the Academy of Nutrition and Dietetics: food and
nutrition for older adults: promoting health and wellness. J Acad Nutr Diet.
2012;112(8):1255-1277. doi:10.1016/j.jand.2012.06.015

Trouwborst [, Verreijen A, Memelink R, et al. Exercise and nutrition strategies to
counteract sarcopenic obesity. Nutrients. 2018;10(605):1-21. doi:10.3390/nu10050605
Wright A, Lobene A, Martin B, et al. Methods for developing a DASH diet menu for a
controlled feeding study in adolescents. J Acad Nutr Diet. 2018;118(10):A139.
doi:10.1016/.jand.2018.08.070

Most MM, Ershow AG, Clevidence BA. An overview of methodologies, proficiencies,
and training resources for controlled feeding studies. J Am Diet Assoc. 2003;103(6):729-
735. doi:10.1053/jada.2003.50132

Kirkpatrick SI, Subar AF, Douglass D, et al. Performance of the Automated Self-
Administered 24-hour Recall relative to a measure of true intakes and to an interviewer-
administered 24-h recall. Am J Clin Nutr. 2014;100(1):233-240.
doi:10.3945/ajcn.114.083238

Hebert JR, Ebbeling CB, Matthews CE, et al. Systematic errors in middle-aged women’s
estimates of energy intake: Comparing three self-report measures to total energy
expenditure from doubly labeled water. Ann Epidemiol. 2002;12(8):577-586.
doi:10.1016/S1047-2797(01)00297-6

Miller TM, Abdel-Maksoud MF, Crane LA, Marcus AC, Byers TE. Effects of social
approval bias on self-reported fruit and vegetable consumption: a randomized controlled

trial. Nutr J. 2008;7(18):1-7. do1:10.1186/1475-2891-7-18

148



151.

152.

153.

154.

155.

156.

157.

Subar AF, Crafts J, Zimmerman TP, et al. Assessment of the accuracy of portion size
reports using computer-based food photographs aids in the development of an automated
self-administered 24-hour recall. J Am Diet Assoc. 2010;110(1):55-64.
doi:10.1016/j.jada.2009.10.007

Subar AF, Freedman LS, Tooze JA, et al. Addressing current criticism regarding the value
of self-report dietary data. J Nutr. 2015;145(12):2639-2645. d0i:10.3945/jn.115.219634
Kirkpatrick SI, Baranowski T, Subar AF, Tooze JA, Frongillo EA. Best practices for
conducting and interpreting studies to validate self-report dietary assessment methods. J
Acad Nutr Diet. 2019;119(11):1801-1816. doi:10.1016/j.jand.2019.06.010

Schoeller DA, Hnilicka JM. Reliability of the doubly labeled water method for the
measurement of total daily energy expenditure in free-living subjects. J Nutr.
1996;126(1):348S-354S.

Gama-Axelsson T, Heimbiirger O, Stenvinkel P, Barany P, Lindholm B, Qureshi AR.
Serum albumin as predictor of nutritional status in patients with ESRD. Clin J Am Soc
Nephrol. 2012;7(9):1446-1453. do0i:10.2215/CIN.10251011

Sarwar S, Sherman RA. How well does serum albumin correlate with dietary protein
intake in dialysis patients? Kidney Int Reports. 2017;2(1):90-93.
doi:10.1016/j.ekir.2016.09.004

Prentice RL, Mossavar-Rahmani Y, Huang Y, et al. Evaluation and comparison of food

records, recalls, and frequencies for energy and protein assessment by using recovery

biomarkers. Am J Epidemiol. 2011;174(5):591-603. doi:10.1093/aje/kwr140

149



158.

159.

160.

161.

162.

163.

164.

165.

Lopes TS, Luiz RR, Hoffman DJ, et al. Misreport of energy intake assessed with food
records and 24-h recalls compared with total energy expenditure estimated with DLW.
Eur J Clin Nutr. 2016;70(11):1259-1264. do0i:10.1038/ejcn.2016.85

Kim IY, Shin YA, Schutzler SE, Azhar G, Wolfe RR, Ferrando AA. Quality of meal
protein determines anabolic response in older adults. Clin Nutr. 2018;37(6):2076-2083.
doi:10.1016/j.cInu.2017.09.025

Lafreniere J, Lamarche B, Laramée C, Robitaille J, Lemieux S. Validation of a newly
automated web-based 24-hour dietary recall using fully controlled feeding studies. BMC
Nutr. 2017;3(34):1-10. doi:10.1186/s40795-017-0153-3

Robinson E, Hardman CA, Halford JCG, Jones A. Eating under observation: a systematic
review and meta-analysis of the effect that heightened awareness of observation has on
laboratory measured energy intake. Am J Clin Nutr. 2015;102(2):324-337.
doi:10.3945/ajen. 115111195

Abbatecola AM, Cherubini A, Guralnik JM, et al. Plasma polyunsaturated fatty acids and
age-related physical performance decline. Rejuvenation Res. 2009;12(1):25-32.
doi:10.1089/rej.2008.0799

Shim J-S, Oh K, Kim HC. Dietary assessment methods in epidemiologic studies.
Epidemiol Health. 2014;36(2014009-2014009):1-8. doi:10.4178/epih/e2014009

Hebert JR, Ockene IS, Hurley TG, et al. Development and testing of a seven-day dietary
recall. J Clin Epidemiol. 1997;50(8):925-937. d0i:10.1016/S0895-4356(97)00098-X
Risso DS, Giuliani C, Antinucci M, et al. A bio-cultural approach to the study of food
choice: the contribution of taste genetics, population and culture. Appetite. 2017;114:240-

247. doi:10.1016/j.appet.2017.03.046

150



166. Prescott J, Young O, O’Neill L, Yau NJN, Stevens R. Motives for food choice: a
comparison of consumers from Japan, Taiwan, Malaysia and New Zealand. Food Qual
Prefer. 2002;13:489-495. doi:10.1016/S0950-3293(02)00010-1

167. Ahn Y, Kwon E, Shim JE, et al. Validation and reproducibility of food frequency
questionnaire for Korean genome epidemiologic study. Eur J Clin Nutr.
2007;61(12):1435-1441. doi:10.1038/sj.ejcn. 1602657

168. Yang YJ, Kim MK, Hwang SH, Ahn Y, Shim JE, Kim DH. Relative validities of 3-day
food records and the food frequency questionnaire. Nutr Res Pract. 2010;4(2):142-148.
doi:10.4162/n1p.2010.4.2.142

169. Ambrosini G, Mackerras D, de Klerk N, Musk A. Comparison of an Australian food-
frequency questionnaire with diet records: implications for nutrition surveillance. Public
Health Nutr. 2003;6(4):415-422. doi:10.1079/phn2002434

170. Bjorge-Schohl B, Johnston CS, Trier CM, Fleming KR. Agreement in participant-coded
and investigator-coded food-record analysis inoverweight research participants: an
examinationof interpretation bias. J Acad Nutr Diet. 2014;114(5):796-801.
doi:10.1016/j.jand.2013.08.024

171. Epidemiology and Genomics Research Program, Division of Cancer Control and
Population Sciences, National Cancer Institute, National Institutes of Health. ASA24®
Respondent Website Methodology. ASA24®.
https://epi.grants.cancer.gov/asa24/respondent/methodology.html#. Accessed August 10,
2021.

172. van Dronkelaar C, van Velzen A, Abdelrazek M, van der Steen A, Weijs PJM, Tieland M.

Minerals and sarcopenia; the role of calcium, iron, magnesium, phosphorus, potassium,

151



173.

174.

175.

176.

177.

178.

179.

180.

selenium, sodium, and zinc on muscle mass, muscle strength, and physical performance in
older adults: a systematic review. J Am Med Dir Assoc. 2017;19(1):1-6.
doi:https://doi.org/10.1016/j.jamda.2017.05.026

Deer RR, Volpi E. Protein intake and muscle function in older adults. Curr Opin Clin Nutr
Metab Care. 2015;18(3):248-253. doi:10.1097/MC0O.0000000000000162

Dickinson JM, Fry CS, Drummond MJ, et al. Mammalian target of rapamycin complex 1
activation is required for the stimulation of human skeletal muscle protein synthesis by
essential amino acids. J Nutr. 2011;141(5):856-862. doi:10.3945/jn.111.139485

Bauer J, Biolo G, Cederholm T, et al. Evidence-based recommendations for optimal
dietary protein intake in older people: a position paper from the PROT-AGE Study Group.
J Am Med Dir Assoc. 2013;14(8):542-559. doi:10.1016/j.jamda.2013.05.021
Paddon-Jones D, Rasmussen BB. Dietary protein recommendations and the prevention of
sarcopenia. Curr Opin Clin Nutr Metab Care. 2009;12(1):86-90.
doi:10.1097/MCO.0b013e32831cef8b

Bar-Peled L, Sabatini DM. Regulation of mTORC1 by amino acids. Trends Cell Biol.
2014;24(7):400-406. doi:10.1016/j.tcb.2014.03.003

Gingras AC, Raught B, Sonenberg N. Regulation of translation initiation by
FRAP/mTOR. Genes Dev. 2001;15(7):807-826. doi:10.1101/gad.887201

Thoreen CC, Chantranupong L, Keys HR, Wang T, Gray NS, Sabatini DM. A unifying
model for mTORC1-mediated regulation of mRNA translation. Nature.
2012;485(7396):109-113. doi:10.1038/nature11083

Liu GY, Sabatini DM. mTOR at the nexus of nutrition, growth, ageing and disease. Nat

Rev Mol Cell Biol. 2020;21(4):183-203. doi:10.1038/s41580-019-0199-y

152



181. Dibble CC, Cantley LC. Regulation of mTORCI1 by PI3K signaling. Trends Cell Biol.
2015;25(9):545-555. doi:10.1016/j.tcb.2015.06.002

182. Hornberger TA, Sukhija KB, Wang X-R, Chien S. mTOR is the rapamycin-sensitive
kinase that confers mechanically-induced phosphorylation of the hydrophobic motif site
Thr(389) in p70 S6k. FEBS Lett. 2007;581(24):4562-4566.
doi:10.1016/j.febslet.2007.08.045

183. Hornberger TA. Mechanotransduction and the regulation of mTORCI1 signaling in
skeletal muscle. Int J Biochem Cell Biol. 2011;43(9):1267-1276.
doi:10.1016/j.biocel.2011.05.007

184. Lee F-Y, Zhen Y-Y, Yuen C-M, et al. The mTOR-FAK mechanotransduction signaling
axis for focal adhesion maturation and cell proliferation. Am J Trans! Res.
2017;9(4):1603-1617.

185. Jacobs BL, McNally RM, Kim K-J, et al. Identification of mechanically regulated
phosphorylation sites on tuberin (TSC2) that control mechanistic target of rapamycin
(mTOR) signaling. J Biol Chem. 2017;292(17):6987-6997. doi:10.1074/jbc.M117.777805

186. Markofski MM, Dickinson JM, Drummond MJ, et al. Effect of age on basal muscle
protein synthesis and mTORCI signaling in a large cohort of young and older men and
women. Exp Gerontol. 2015;65:1-7. doi:10.1016/J. EXGER.2015.02.015

187. Fry CS, Drummond MJ, Glynn EL, et al. Aging impairs contraction-induced human
skeletal muscle mTORCI signaling and protein synthesis. Skelet Muscle. 2011;1(1):1-11.

doi:10.1186/2044-5040-1-11

153



188.

189.

190.

191.

192.

193.

194.

195.

Symons TB, Sheffield-Moore M, Mamerow MM, Wolfe RR, Paddon-Jones D. The
anabolic response to resistance exercise and a protein-rich meal is not diminished by age.
J Nutr Heal Aging. 2011;15(5):376-381.

Goberdhan DCI, Wilson C, Harris AL. Amino acid sensing by mtorc1: intracellular
transporters mark the spot. Cell Metab. 2016;23:580-589. doi:10.1016/j.cmet.2016.03.013
Zoncu R, Bar-Peled L, Efeyan A, Wang S, Sancak Y, Sabatini DM. mTORCI senses
lysosomal amino acids through an inside-out mechanism that requires the vacuolar H+-
ATPase. Science (80- ). 2011;334(6056):678-683.

Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini DM. Ragulator-rag
complex targets mTORCI1 to the lysosomal surface and is necessary for its activation by
amino acids. Cell. 2010;141:290-303. doi:10.1016/j.cell.2010.02.024

Long X, Ortiz-Vega S, Lin Y, Avruch J. Rheb binding to mammalian target of rapamycin
(mTOR) is regulated by amino acid sufficiency. J Biol/ Chem. 2005;280(25):23433—
23436. doi:10.1074/jbc.C500169200

Long X, Lin Y, Ortiz-Vega S, Yonezawa K, Avruch J. Rheb binds and regulates the
mTOR kinase. Curr Biol. 2005;15(8):702-713. doi:10.1016/J.CUB.2005.02.053

Inoki K, Li Y, Xu T, Guan K-L. Rheb GTPase is a direct target of TSC2 GAP activity and
regulates mTOR signaling. Genes Dev. 2003;17(15):1829-1834. doi:10.1101/gad.1110003
Bar-Peled L, Schweitzer LD, Zoncu R, Sabatini DM. Ragulator Is a GEF for the Rag
GTPases that signal amino acid levels to mTORCI. Cell. 2012;150:1196-1208.

doi:10.1016/j.cell.2012.07.032

154



196.

197.

198.

199.

200.

201.

202.

Sancak Y, Peterson TR, Shaul YD, et al. The Rag GTPases bind raptor and mediate amino
acid signaling to mTORCI. Science. 2008;320(5882):1496-1501.
doi:10.1126/science.1157535

Tsun Z-Y, Bar-Peled L, Chantranupong L, et al. The Folliculin Tumor Suppressor is a
GAP for the RagC/D GTPases that signal amino acid levels to mTORC1. Mol Cell.
2013;52:495-505. doi:10.1016/j.molcel.2013.09.016

Oshiro N, Rapley J, Avruch J. Amino acids activate mammalian target of rapamycin
(mTOR) complex 1 without changing Rag GTPase guanyl nucleotide charging. J Biol
Chem. 2014;289(5):2658-2674. doi:10.1074/jbc.M113.528505

Panchaud N, Pé¢li-Gulli M-P, De Virgilio C. Amino acid deprivation inhibits TORC1
through a GTPase-activating protein complex for the Rag Family GTPase Gtrl. Sci
Signal. 2013;6(277):1-6.

Bar-Peled L, Chantranupong L, Cherniack AD, et al. A tumor suppressor complex with
GAP activity for the Rag GTPases that signal amino acid sufficiency to mTORCI. Science
(80-).2013;340(6136):1100-1106.

Hara K, Yonezawa K, Weng QP, Kozlowski MT, Belham C, Avruch J. Amino acid
sufficiency and mTOR regulate p70 S6 kinase and elF-4E BP1 through a common
effector mechanism. J Biol Chem. 1998;273(23):14484-14494.
doi:10.1074/jbc.273.23.14484

Wolfson RL, Chantranupong L, Saxton RA, et al. Sestrin2 is a leucine sensor for the

mTORCI pathway. Science (80- ). 2016;351(6268):43-48. doi:10.1126/science.aab2674

155



203.

204.

205.

206.

207.

208.

209.

Chantranupong L, Scaria SM, Saxton RA, et al. The CASTOR proteins are arginine
sensors for the mTORC1 pathway. Cell. 2016;165(1):153-164.
doi:10.1016/j.cell.2016.02.035

Phillips SM. The impact of protein quality on the promotion of resistance exercise-
induced changes in muscle mass. Nutr Metab (Lond). 2016;13(64):1-9.
doi:10.1186/s12986-016-0124-8

Casperson SL, Sheffield-Moore M, Hewlings SJ, Paddon-Jones D. Leucine
supplementation chronically improves muscle protein synthesis in older adults consuming
the RDA for protein. Clin Nutr. 2012;31(4):512-519. doi:10.1016/j.cInu.2012.01.005
Kelleher AR, Kimball SR, Dennis MD, Schilder RJ, Jefferson LS. The mTORC1
signaling repressors REDD1/2 are rapidly induced and activation of p70S6K1 by leucine
is defective in skeletal muscle of an immobilized rat hindlimb. Am J Physiol Metab.
2013;304(2):E229-E236. doi:10.1152/ajpendo.00409.2012

Nakai N, Kawano F, Murakami T, Nakata K, Higashida K. Leucine supplementation after
mechanical stimulation activates protein synthesis via L-type amino acid transporter 1 in
vitro. J Cell Biochem. September 2017:1-8. doi:10.1002/jcb.26371

Drummond MJ, Glynn EL, Fry CS, Timmerman KL, Volpi E, Rasmussen BB. An
increase in essential amino acid availability upregulates amino acid transporter expression
in human skeletal muscle. Am J Physiol - Endocrinol Metab. 2010;298(5):E1011-E1018.
doi:10.1152/ajpendo.00690.2009

Morton RW, Murphy KT, McKellar SR, et al. A systematic review, meta-analysis and

meta-regression of the effect of protein supplementation on resistance training-induced

156



210.

211.

212.

213.

214.

215.

gains in muscle mass and strength in healthy adults. Br J Sports Med. 2018;52(6):376-384.
doi:10.1136/bjsports-2017-097608

Katzmarzyk PT, Lee IM, Martin CK, Blair SN. Epidemiology of physical activity and
exercise training in the United States. Prog Cardiovasc Dis. 2017;60(1):3-10.
doi:10.1016/j.pcad.2017.01.004

Fujita T, Brechue WF, Kurita K, Sato Y, Abe T. Increased muscle volume and strength
following six days of low-intensity resistance training with restricted muscle blood flow.
Int J KAATSU Train Res. 2008;4(1):1-8. doi:10.3806/ijktr.4.1

Labott BK, Bucht H, Morat M, Morat T, Donath L. Effects of exercise training on
handgrip strength in older adults: a meta-analytical review. Gerontology. 2019;65(6):686-
698. d0i:10.1159/000501203

Vanhees L, Lefevre J, Philippaerts R, et al. How to assess physical activity? How to assess
physical fitness? Eur J Cardiovasc Prev Rehabil. 2005;12(2):102-114.
doi:10.1097/01.hjr.0000161551.73095.9¢

Westerterp KR. Assessment of physical activity: a critical appraisal. Eur J Appl Physiol.
2009;105(6):823-828. doi:10.1007/s00421-009-1000-2

Warren JM, Ekelund U, Besson H, Mezzani A, Geladas N, Vanhees L. Assessment of
physical activity - a review of methodologies with reference to epidemiological research: a
report of the exercise physiology section of the European Association of Cardiovascular
Prevention and Rehabilitation. Eur J Cardiovasc Prev Rehabil. 2010;17(2):127-139.

doi:10.1097/HJR.0b013e32832ed875

157



216.

217.

218.

219.

220.

221.

222.

Helmerhorst HJ, Brage S, Warren J, Besson H, Ekelund U. A systematic review of
reliability and objective criterion-related validity of physical activity questionnaires. Int J
Behav Nutr Phys Act. 2012;9(103):1-55. doi:10.1186/1479-5868-9-103

Sobngwi E, Mbanya JCN, Unwin NC, Aspray TJ, Alberti KGMM. Development and
validation of a questionnaire for the assessment of physical activity in epidemiological
studies in Sub-Saharan Africa. Int J Epidemiol. 2001;30(6):1361-1368.
doi:10.1093/ije/30.6.1361

Centers for Disease Control and Prevention. NHANES - National Health and Nutrition
Examination Survey Homepage. National Health and Nutrition Examination Survey.
https://www.cdc.gov/nchs/nhanes/index.htm. Accessed July 16, 2021.

DeLany JP, Institute of Medicine (US) Committee on Military Nutrition Research. Doubly
Labeled Water for Energy Expenditure. In: Carlson-Newberry SJ, Costello RB, eds.
Emerging Technologies for Nutrition Research: Potential for Assessing Military
Performance Capability. Washington, D.C.: National Academy Press (US); 1997:281-
296.

Sylvia LG, Bernstein EE, Hubbard JL, Keating L., Anderson EJ. Practical guide to
measuring physical activity. J Acad Nutr Diet. 2014;114(2):199-208.
doi:10.1016/j.jand.2013.09.018

Colbert LH, Matthews CE, Havighurst TC, Kim K, Schoeller DA. Comparative validity of
physical activity measures in older adults. Med Sci Sports Exerc. 2011;43(5):867-876.
doi:10.1249/MSS.0b013e3181fc7162

van Hees VT, Fang Z, Langford J, et al. Autocalibration of accelerometer data for free-

living physical activity assessment using local gravity and temperature: an evaluation on

158



223.

224.

225.

226.

227.

228.

229.

four continents. J Appl Physiol. 2014;117(7):738-744.
doi:10.1152/japplphysiol.00421.2014

Hildebrand M, van Hees VT, Hansen BH, Ekelund U. Age group comparability of raw
accelerometer output from wrist- and hip-worn monitors. Med Sci Sport Exerc.
2014;46(9):1816-1824. doi:10.1249/MSS.0000000000000289

Migueles JH, Rowlands A V, Huber F, Sabia S, van Hees VT. GGIR: a research
community—driven open source R package for generating physical activity and sleep
outcomes from multi-day raw accelerometer data. J Meas Phys Behav. 2019;2(3):188-196.
White T, Westgate K, Hollidge S, et al. Estimating energy expenditure from wrist and
thigh accelerometry in free-living adults: a doubly labelled water study. /nt J Obes.
2019;43(11):2333-2342. do0i:10.1038/s41366-019-0352-x

Micorstar Instruments Company. SenseWear Pro3 Armband.; 2018.

Migueles JH, Cadenas-Sanchez C, Ekelund U, et al. Accelerometer Data collection and
processing criteria to assess physical activity and other outcomes: a systematic review and
practical considerations. Sports Med. 2017;47(9):1821-1845. doi:10.1007/s40279-017-
0716-0

National Institutes of Health. Nutrient Recommendations : Dietary Reference Intakes
(DRI). https://ods.od.nih.gov/Health Information/Dietary Reference Intakes.aspx.
Accessed February 26, 2018.

Deutz NEP, Bauer JM, Barazzoni R, et al. Protein intake and exercise for optimal muscle
function with aging: recommendations from the ESPEN Expert Group. Clin Nutr.

2014;33:929-936.

159



230.

231.

232.

233.

234.

235.

236.

237.

Morley JE, Argiles JM, Evans W], et al. Nutritional recommendations for the
management of sarcopenia. J Am Med Dir Assoc. 2010;11(6):391-396.
doi:10.1016/j.jamda.2010.04.014

Rand WM, Pellett PL, Young VR. Meta-analysis of nitrogen balance studies for
estimating protein requirements in healthy adults. Am J Clin Nutr. 2003;77(1):109-127.
doi:10.1093/ajen/77.1.109

Chapman S, Rawcliffe AJ, Izard R, et al. Dietary intake and nitrogen balance in british
army infantry recruits undergoing basic training. Nutrients. 2020;12(2125):1-12.
doi:doi:10.3390/nu12072125

Poortmans JR, Dellalieux O. Do regular high protein diets have potential health risks on
kidney function in athletes? Int J Sport Nutr Exerc Metab. 2000;10(1):28-38.

Biolo G, Maggi SP, Williams BD, Tipton KD, Wolfe RR. Increased rates of muscle
protein turnover and amino acid transport after resistance exercise in humans. Am J
Physiol - Endocrinol Metab. 1995;268(3):E514-E520.
doi:10.1152/ajpendo.1995.268.3.e514

Reidy PT, Borack MS, Markofski MM, et al. Post-absorptive muscle protein turnover
affects resistance training hypertrophy. Eur J Appl Physiol. 2017;117(5):853-866.
doi:10.1007/s00421-017-3566-4

Chu J, Cargnello M, Topisirovic I, Pelletier J. Translation initiation factors:
reprogramming protein synthesis in cancer. Trends Cell Biol. 2016;26(12):918-933.
doi:10.1016/.tcb.2016.06.005

Walsh D, Mohr 1. Viral subversion of the host protein synthesis machinery. Nat Rev

Microbiol. 2011;9(12):860-875. doi:10.1038/nrmicro2655

160



238.

239.

240.

241.

242.

243.

244.

245.

Hernéndez-Ortega K, Garcia-Esparcia P, Gil L, Lucas JJ, Ferrer 1. Altered machinery of
protein synthesis in Alzheimer’s: from the nucleolus to the ribosome. Brain Pathol.
2016;26(5):593-605. doi:10.1111/bpa.12335

Yano S, Wang J, Hara T. Autophagy in health and food science. Curr Pharmacol Reports.
2020;6:335-345.

Saha S, Panigrahi DP, Patil S, Bhutia SK. Autophagy in health and disease: a
comprehensive review. Biomed Pharmacother. 2018;104:485-495.
doi:10.1016/j.biopha.2018.05.007

Phillips SM, Tipton KD, Ferrando AA, Wolfe RR. Resistance training reduces the acute
exercise-induced increase in muscle protein turnover. Am J Physiol - Endocrinol Metab.
1999;276:E118-E124. doi:10.1152/ajpendo0.1999.276.1.e118

Coelho-Junior HJ, Rodrigues B, Uchida M, Marzetti E. Low protein intake is associated
with frailty in older adults: a systematic review and meta-analysis of observational studies.
Nutrients. 2018;10(1334):1-14. doi:10.3390/nu10091334

Houston DK, Nicklas BJ, Ding J, et al. Dietary protein intake is associated with lean mass
change in older, community-dwelling adults: The Health, Aging, and Body Composition
(Health ABC) study. Am J Clin Nutr. 2008;87(1):150-155. doi:10.1093/ajcn/87.1.150
Sahni S, Mangano KM, Hannan MT, Kiel DP, McLean RR. Higher protein intake is
associated with higher lean mass and quadriceps muscle strength in adult men and women.
J Nutr. 2015;145(7):1569-1575. doi:10.3945/jn.114.204925

Hojfeldt G, Nishimura Y, Mertz K, et al. Daily protein and energy intake are not
associated with muscle mass and physical function in healthy older individuals—a cross-

sectional study. Nutrients. 2020;12(2794):1-16. doi:10.3390/nu12092794

161



246.

247.

248.

249.

250.

251.

252.

Yoo W, Mayberry R, Bae S, Singh K, He Q (Peter), Lillard Jr. JW. A study of effects of
multicollinearity in the multivariable analysis. Int J Appl Sci Technol. 2014;4(5):9-19.
Lengelé L, Moehlinger P, Bruyere O, Locquet M, Reginster JY, Beaudart C. Association
between changes in nutrient intake and changes in muscle strength and physical
performance in the sarcophage cohort. Nutrients. 2020;12(3485):1-16.
doi:10.3390/nu12113485

Willett WC, Howe GR, Kushi LH. Adjustment for total energy intake in epidemiologic
studies. Am J Clin Nutr. 1997;65(Suppl):1220S-1228S.

Ten Haaf DSM, Van Dongen EJI, Nuijten MAH, Eijsvogels TMH, De Groot LCPGM,
Hopman MTE. Protein intake and distribution in relation to physical functioning and
quality of life in community-dwelling elderly people: acknowledging the role of physical
activity. Nutrients. 2018;10(506):1-13. doi:10.3390/nu10040506

Bollwein J, Diekmann R, Kaiser MJ, et al. Distribution but not amount of protein intake is
associated with frailty: a cross-sectional investigation in the region of Niirnberg. Nutr J.
2013;12(109):1-7. doi:10.1186/1475-2891-12-109

Farsijani S, Morais JA, Payette H, et al. Relation between mealtime distribution of protein
intake and lean mass loss in free-living older adults of the NuAge study. Am J Clin Nutr.
2016;104(3):694-703. doi:10.3945/ajcn.116.130716

Farsijani S, Payette H, Morais JA, Shatenstein B, Gaudreau P, Chevalier S. Even
mealtime distribution of protein intake is associated with greater muscle strength, but not
with 3-y physical function decline, in free-living older adults: The Quebec longitudinal
study on Nutrition as a Determinant of Successful Aging (NuAge study). Am J Clin Nutr.

2017;106(1):113-124. doi:10.3945/ajcn.116.146555

162



253.

254.

255.

256.

257.

258.

Mamerow MM, Mettler JA, English KL, et al. Dietary protein distribution positively
influences 24-h muscle protein synthesis in healthy adults. J Nutr. 2014;144(6):876-880.
doi:10.3945/jn.113.185280

Kim I-YY, Schutzler S, Schrader AM, et al. Protein intake distribution pattern does not
affect anabolic response, lean body mass, muscle strength or function over 8 weeks in
older adults: A randomized-controlled trial. Clin Nutr. 2018;37(2):488-493.
doi:10.1016/j.clnu.2017.02.020

Loenneke JP, Loprinzi PD, Murphy CH, Phillips SM. Per meal dose and frequency of
protein consumption is associated with lean mass and muscle performance. Clin Nutr.
2016;35(6):1506-1511. doi:10.1016/J.CLNU.2016.04.002

Ruiz Valenzuela RE, Ponce JA, Morales-Figueroa GG, Aguilar Muro K, Ramirez Carreon
V, Aleméan-Mateo H. Insufficient amounts and inadequate distribution of dietary protein
intake in apparently healthy older adults in a developing country: implications for dietary
strategies to prevent sarcopenia. Clin Interv Aging. 2013;8:1143-1148.
doi:10.2147/CIA.S49810

Mishra S, Goldman JD, Sahyoun NR, Moshfegh AJ. Association between dietary protein
intake and grip strength among adults aged 51 years and over: what we eat in America,
National Health and Nutrition Examination Survey 2011-2014. PLoS One. 2018;13(1):1-
12. doi:10.1371/journal.pone.0191368

Moore DR, Churchward-Venne TA, Witard O, et al. Protein ingestion to stimulate
myofibrillar protein synthesis requires greater relative protein intakes in healthy older
versus younger men. Journals Gerontol - Ser A Biol Sci Med Sci. 2015;70(1):57-62.

doi:10.1093/gerona/glu103

163



259. Yasuda J, Asako M, Arimitsu T, Fujita S. Association of protein intake in three meals
with muscle mass in healthy young subjects: a cross-sectional study. Nutrients.
2019;11(612):1-14. d0i:10.3390/nu11030612

260. Gingrich A, Spiegel A, Kob R, et al. Amount, distribution, and quality of protein intake
are not associated with muscle mass, strength, and power in healthy older adults without
functional limitations—an enable study. Nutrients. 2017;9(1358):1-18.
doi:10.3390/nu9121358

261. Reidy PT, Rasmussen BB. Role of ingested amino acids and protein in the promotion of
resistance exercise-induced muscle protein anabolism. J Nutr. 2016;146(2):155-183.
doi:10.3945/jn.114.203208

262. World Health Organization. Protein Quality Evaluation. Bethesda, Maryland, USA; 1991.

263. Boye J, Wijesinha-Bettoni R, Burlingame B. Protein quality evaluation twenty years after
the introduction of the protein digestibility corrected amino acid score method. Br J Nutr.
2012;108(SUPPL):S183-S211. doi:10.1017/S0007114512002309

264. Food and Agriculture Organization of the United Nations. Dietary Protein Quality
Evaluation in Human Nutrition. Report of an FAQ Expert Consultation. Vol 92. Rome;
2013.

265. Leser S. The 2013 FAO report on dietary protein quality evaluation in human nutrition:
recommendations and implications. Nutr Bull. 2013;38(4):421-428.
doi:10.1111/nbu.12063

266. Sarwar G. The Protein Digestibility—Corrected Amino Acid Score method overestimates

quality of proteins containing antinutritional factors and of poorly digestible proteins

164



267.

268.

269.

270.

271.

272.

273.

274.

supplemented with limiting amino acids in rats. J Nutr. 1997;127(5):758-764.
doi:10.1093/jn/127.5.758

Klein T, Eckhard U, Dufour A, Solis N, Overall CM. Proteolytic cleavage - mechanisms,
function, and “omic” approaches for a near-ubiquitous posttranslational modification.
Chem Rev. 2018;118(3):1137-1168. doi:10.1021/acs.chemrev.7b00120

Fountoulakis M, Lahm HW. Hydrolysis and amino acid composition analysis of proteins.
J Chromatogr A. 1998;826(2):109-134. do0i:10.1016/S0021-9673(98)00721-3

Chiou S-H, Wang K-T. Simplified protein hydrolysis with methanesulphonic acid at
elevated temperature for the complete amino acid analysis of proteins. J Chromatogr.
1988;448:404-410.

Khan AS, Faiz F. Amino acid analysis using ion exchange resins. J Nat Sceinces Math.
2008;48:1-17.

Csap6 J, Albert C, Loki K, Csapd-Kiss Z. Separation and determination of the amino acids
by ion exchange column chromatography applying postcolumn derivatization. Acta Univ
Sapientiae, Aliment. 2008;1:5-29.

Friedman M. Applications of the ninhydrin reaction for analysis of amino acids, peptides,
and proteins to agricultural and biomedical sciences. J Agric Food Chem. 2004;52(3):385-
406. doi:10.1021/;f030490p

Landi F, Calvani R, Tosato M, et al. Animal-derived protein consumption is associated
with muscle mass and strength in community-dwellers: results from the Milan Expo
survey. J Nutr Heal Aging. 2017;21(9):1050-1056. doi:10.1007/s12603-017-0974-4
Warburton DER, Jamnik VK, Bredin SSD, Gledhill N. International launch of The PAR-

Q+ AND ePARmed-X+ The Physical Activity Readiness Questionnaire for Everyone

165



275.

276.

277.

278.

279.

280.

281.

(PAR-Q+) and Electronic Physical Activity Readiness Medical Examination (ePARmed-
X+). Heal Fit J Canada. 2011;4(2):3-17.

Abe T, Kondo M, Kawakami Y, Fukunaga T. Prediction equations for body composition
of Japanese adults by B[imode ultrasound. 4m J Hum Biol. 1994;6(2):161-170.

Reimers CD, Harder T, Saxe H. Age-related muscle atrophy does not affect all muscles
and can partly be compensated by physical activity: an ultrasound study. J Neurol Sci.
1998;159(1):60-66. doi:10.1016/S0022-510X(98)00134-8

Thoirs K, English C. Ultrasound measures of muscle thickness: intra-examiner reliability
and influence of body position. Clin Physiol Funct Imaging. 2009;29(6):440-446.
doi:10.1111/5.1475-097X.2009.00897.x

Perkisas S, Baudry S, Bauer J, et al. Application of ultrasound for muscle assessment in
sarcopenia: towards standardized measurements. Eur Geriatr Med. 2018;9(6):739-757.
doi:10.1007/s41999-018-0104-9

English KL, Lee SMC, Loehr JA, Ploutz—Snyder RJ, Ploutz—Snyder LL. Isokinetic
strength changes following long-duration spaceflight on the ISS. Aerosp Med Hum
Perform. 2015;86(12):A68-A77. doi:10.3357/AMHP.EC09.2015

Choi L, Liu Z, Matthews CE, Buchowski MS. Validation of accelerometer wear and
nonwear time classification algorithm. Med Sci Sports Exerc. 2011;43(2):357-364.
doi:10.1249/MSS.0b013e3181ed61a3

Chalé-Rush A, Guralnik JM, Walkup MP, et al. Relationship between physical
functioning and physical activity in the lifestyle interventions and independence for elders

pilot. J Am Geriatr Soc. 2010;58(10):1918-1924. doi:10.1111/j.1532-5415.2010.03008.x

166



282.

283.

284.

285.

286.

287.

288.

Spartano NL, Lyass A, Larson MG, et al. Objective physical activity and physical
performance in middle-aged and older adults. Exp Gerontol. 2019;119:203-211.
doi:10.1016/j.exger.2019.02.003

USDA. FoodData Central. FoodData Central. https://fdc.nal.usda.gov/index.html.
Published 2019. Accessed October 4, 2021.

Aslam M. Using heteroscedasticity-consistent standard errors for the linear regression
model with correlated regressors. Commun Stat Simul Comput. 2014;43(10):2353-2373.
doi:10.1080/03610918.2012.750354

Warburton DE, Jamnik VK, Bredin SSD, Shephard RJ, Gledhill N. The 2017 Physical
Activity Readiness Questionnaire for Everyone (PAR-Q+) and electronic Physical
Activity Readiness Medical Examination (ePARmed-X+). Heal Fit J Canada.
2017;10(1):29-32.

Martinez ME, Marshall JR, Graver E, et al. Reliability and validity of a self-administered
food frequency questionnaire in a chemoprevention trial of adenoma recurrence. Cancer
Epidemiol Biomarkers Prev. 1999;8(10):941-946.

Johnson NR, Kotarsky CJ, Hackney KJ, et al. Measures derived from panoramic
ultrasonography and animal-based protein intake are related to muscular performance in
middle-aged adults. J Clin Med. 2021;10(5):1-19. doi:10.3390/jcm10050988

Stokes T, Tripp TR, Murphy K, et al. Methodological considerations for and validation of
the ultrasonographic determination of human skeletal muscle hypertrophy and atrophy.

Physiol Rep. 2021;9(1):1-12. doi:10.14814/phy2.14683

167



2809.

290.

291.

292.

293.

294.

295.

296.

Ponti F, de Cinque A, Fazio N, Napoli A, Guglielmi G, Bazzocchi A. Ultrasound imaging,
a stethoscope for body composition assessment. Quant Imaging Med Surg.
2020;10(8):1699-1722. doi:10.21037/QIMS-19-1048

Wilkinson TJ, Gore EF, Vadaszy N, Nixon DGD, Watson EL, Smith AC. Utility of
ultrasound as a valid and accurate diagnostic tool for sarcopenia. J Ultrasound Med.
2020;40(3):457-467. doi:10.1002/jum.15421

Scott JM, Martin DS, Ploutz-Snyder R, et al. Panoramic ultrasound: a novel and valid tool
for monitoring change in muscle mass. J Cachexia Sarcopenia Muscle. 2017;8(3):475-
481. doi:10.1002/jcsm.12172

Gilbert J-A, Bendsen NT, Tremblay A, Astrup A. Effect of proteins from different sources
on body composition. Nutr Metab Cardiovasc Dis. 2011;21(Suppl):B16-31.
doi:10.1016/j.numecd.2010.12.008

Akima H, Yoshiko A, Tomita A, et al. Relationship between quadriceps echo intensity
and functional and morphological characteristics in older men and women. Arch Gerontol
Geriatr. 2017;70:105-111. doi:10.1016/j.archger.2017.01.014

Young HJ, Jenkins NT, Zhao Q, Mccully KK. Measurement of intramuscular fat by
muscle echo intensity. Muscle and Nerve. 2015;52(6):963-971. doi:10.1002/mus.24656
Pillen S, Tak RO, Zwarts MJ, et al. Skeletal Muscle Ultrasound: Correlation Between
Fibrous Tissue and Echo Intensity. Ultrasound Med Biol. 2009;35(3):443-446.
doi:10.1016/j.ultrasmedbio.2008.09.016

Hurt RT, McClave SA, Martindale RG, et al. Summary points and consensus
recommendations from the International Protein Summit. Nutr Clin Pract.

2017;32(Suppl):142S-1518. doi:10.1177/0884533617693610

168



297.

298.

299.

300.

301.

302.

303.

Paddon-Jones D, Short KR, Campbell WW, Volpi E, Wolfe RR. Role of dietary protein in
the sarcopenia of aging. Am J Clin Nutr. 2008;87(Suppl):1562S-1566S.
doi:10.1093/ajcn/87.5.1562s

Johnson NR, Kotarsky CJ, Mahoney SJ, et al. Evenness of dietary protein intake is
positively associated with lean mass and strength in healthy women. Nutr Metab Insights.
2022;In Press.

The United Nations University. Protein-Energy-Requirement Studies in Developing
Countries: Results of International Research. (Rand WM, Uauy R, Scrimshaw NS, eds.).
Tokyo, Japan: United Nations University Press; 1984.

Coelho-Junior HJ, Milano-Teixeira L, Rodrigues B, Bacurau R, Marzetti E, Uchida M.
Relative protein intake and physical function in older adults: a systematic review and
meta-analysis of observational studies. Nutrients. 2018;10(1330):1-16.
doi:10.3390/nu10091330

Wu F, Wills K, Laslett LL, Oldenburg B, Jones G, Winzenberg T. Moderate-to-vigorous
physical activity but not sedentary time is associated with musculoskeletal health
outcomes in a cohort of Australian middle-aged women. J Bone Miner Res.
2017;32(4):708-715. doi:10.1002/jbmr.3028

Drenowatz C, Prasad VK, Hand GA, Shook RP, Blair SN. Effects of moderate and
vigorous physical activity on fitness and body composition. J Behav Med.
2016;39(4):624-632. doi:10.1007/s10865-016-9740-z

Gleason PM, Harris J, Sheean PM, Boushey CJ, Bruemmer B. Publishing nutrition
research: validity, reliability, and diagnostic test assessment in nutrition-related research. J

Am Diet Assoc. 2010;110(3):409-419. doi:10.1016/j.jada.2009.11.022

169



304.

305.

306.

307.

308.

309.

310.

Natarajan L, Rock CL, Major JM, et al. On the importance of using multiple methods of
dietary assessment. Epidemiology. 2004;15(6):738-745.
doi:10.1097/01.ede.0000135178.36362.ef

Wellens RI, Roche AF, Khamis HJ, Jackson AS, Pollock ML, Siervogel RM.
Relationships between the body mass index and body composition. Obes Res.
1996;4(1):35-44. doi:https://doi.org/10.1002/5.1550-8528.1996.tb00510.x

Frankenfield DC, Rowe WA, Cooney RN, Smith JS, Becker D. Limits of body mass index
to detect obesity and predict body composition. Nutrition. 2001;17(1):26-30.
doi:10.1016/S0899-9007(00)00471-8

Fujita S, Rasmussen BB, Bell JA, Cadenas JG, Volpi E. Basal muscle intracellular amino
acid kinetics in women and men. Am J Physiol - Endocrinol Metab. 2007;292(1):E77-
E83. doi:10.1152/ajpendo.00173.2006

Smith GI, Atherton P, Reeds DN, et al. No major sex differences in muscle protein
synthesis rates in the postabsorptive state and during hyperinsulinemia-
hyperaminoacidemia in middle-aged adults. J Appl Physiol. 2009;107(4):1308-1315.
doi:10.1152/japplphysiol.00348.2009

Smith GI, Atherton P, Villareal DT, et al. Differences in muscle protein synthesis and
anabolic signaling in the postabsorptive state and in response to food in 65-80 year old
men and women. PLoS One. 2008;3(3):e1875. doi:10.1371/journal.pone.0001875
National Center for Health Statistics, Centers for Disease Control and Prevention.
FastStats - Body Measurements. https://www.cdc.gov/nchs/fastats/body-

measurements.htm. Accessed January 31, 2022.

170



311.

312.

McGrath R, Stastny S, Casperson S, Jahns L, Roemmich J, Hackney KJ. Daily protein
intake and distribution of daily protein consumed decreases odds for functional disability
in older Americans. J Aging Health. 2020;32(9):1075-1083.
doi:10.1177/0898264319881864

Maltais ML, Desroches J, Dionne 1J. Changes in muscle mass and strength after

menopause. J Musculoskelet Neuronal Interact. 2009;9(4):186-197.

171



APPENDIX A. IRB APPROVAL “BEEF PROTEIN INTAKE, PHYSICAL ACTIVITY,

AND MUSCLE QUALITY IN MIDDLE-AGED WOMEN”

NDSU S5 RNy

August 26, 2016

Dir. Sherm Stasmy
Deparmment of Health, Nutrition & Exerciza Sciences

BB Approval of Protoecol FHE16219, “Beef protein mtake physical activity, and muscle guality in middle-azed
women”

Co-investizaton(s) and research team: Eyle Hackney. Shammon David, Wonwoo Byon, Chris Kotarsky, Fachel
Iverson Dewey, Allison Barry, Eara Stone

Approval penod: 8762016 to 82572017
Continning Review Feport Dma: T/12017

Rasearch site(s): NDSUT

Fundinz Agency: Matonal Catilemen’s Beef Association (FARD026153)
Feaview Type: Expedited catezory 2 4.7

IRB approval is based on the revised protocol submission (recemed 8/23/2016)

Additional approval from the IFB is required:

o Prior to implementation of aoy changes o the protocel (Protocol Amendment Raquest Form)

o For continuation of the project beyond the approval period (Contimuing Review Completion Feport Form). A
remtinder 15 typically sent approxieately 4 weeks prior to the expiration date; timely submiszion of the report the
responsibility of the PIL To avoid a lapse in approval, suspension of recnuimment, and'or data collecton, a report
must be received and the protocol reviewed and approved prior to the expiration date.

A report is required for:

o Any research-related injuries, adverse events, or other unanticipated problems invelving rsks to participants or
others within 72 hours of known occurmrence (Report of Unanticipated Problem or Senous Adverse Event Form).
o Any significant new Sndings that may affect risks to participants.

o Closure of the project (Continmng Review 'Completion Feport Form).

Research records are subject to random or diracted audits at any me to venfy compliznce with human subjects
protection regulatons and NDSU policies.

Thaok you for cooperating with NDSU IRB proceduras, and best wishes for a successful smdy.

Simcerely.

kflﬂdlr}riar{blil:l E&:;wm:‘:&l

Ernisty Sharley, CIP, Fesearch Compliance Admimisirator

For more information regarding IR Office submissions and guidelines, please consult www ndsueduirb. This
Instimation has an spproved FederalWide Assurance with the Dleparment of Health and Human Services:
FWAQDDO2439,

INSTITUTIOHAL REVIEW BOAA0
NO-SU Dopt #0330 | PO San 8050 | Fargd ND SE108-5050 | MOL2ILERUS | Fan TOAZILEDDH | ndswooy/rh

Shipping address: Aesaarch T, 735 MOSU Ressarch Park Drivs, Fango MO 58100

I s |

172



APPENDIX B. IRB APPROVAL “BEEF PROTEIN INTAKE, PHYSICAL ACTIVITY,

AND MUSCLE QUALITY IN MIDDLE-AGED MEN”

Date Becefvad

ﬂ}ﬂ-l'j::-'r:r

NDSU SRRy
INSTITUTIONAL REVIEW BOARD
office: Research 1, 1735 NDSU Research Park Drive, Fargo, ND 58102
mail: NDSU Dept. #4000, PO Box 6050, Fargo, ND 58108-6050
P T0L23LE995 f T01.231.8098 e ndswirb8ndsuedy wr www ndsuwedu ivh

Continuing Review or Completion Report Form

Use this foree Lo: 1) request a confimmtion of IRE approval if @ project is currently actioe (recruiting suljects,
collecting data, or aualysis af identifialle dafa), or 2) report completion of a project.

. Protocol Information

Protocol #: HE16219 Creiginal approval date®; §/26/2016

Title: Beef protein intake, physical activity, and muscle quality in middle-aged women
i Y E BT
Principal investigator: Sherrd Stastny 7131 [aoS Co-investigator: Kyle Hackney, Wonwoo Byun
QLA ache

Drepartment: HNES Department: HMNES, HNES
E-Mail / Campus Address: E-Mail/ Campus Address:
sherristastny@MNdsu.edu kyle hackney®@ndsu.edu; w.byun@ndsuedu

* Complete wed submif an updated profocol fornn & releomnt stlachments smery § wewrs follonaing approval. Protocel records mast
be wpated every 5 yedrs Fy completing @ new profocol form and any relemant attachments, and includbeg i with this report. Use
the st recent version af the farms on the IRE websile al:

hidip, RLILEN 1 wrohyistita ol _rentew_board formes fetrl,

[ Ongoing and currently active, Expected end date of research: December, 2018
[] Complete, abandoned or inactive

Source of current funding: FAR# 0026153 ends Dee, 2017; FARD026929 starts June 2017 and May
31, 2018 [ Mot funded
Current Funding period: Start date: June 1, 2017 End Date: May 31, 2008

Has a progress report been filed with the funding agency since last review?
[ No []Yes, I Attach copy of final grant application(s), and/or recent report to funding
agency.

Research team: List all individuals involved in Uhe ressarch (profect destgnfoersight, recruifing participants, obtaining informed
consent, infervening or inferacking with participants to obtain informatiory@at, anddor haredling identifable information for research
pairposes). May provide ns @ seprrnte abtachent,

Continuing Review or Completion Beport Faps Laofd
NS institutional Revew Board Last printed 5202017 B: 2800 AR
Raiimat May 2003

173



Marme, dept. or affiliati  Specify role in resm:n:tj Email Address gﬁgﬁﬁ:
Chris Kotarsky, HN|  subject testing christopher.kotarsky@ndsu.ed.edu E
graduate student iﬂElElﬂlm“E'
Kara Stone, HNES subject testing kara.stone@ndsu.edu :

| greaduate student £/ ’P—-III';HDE

1. Brief summary of results to date:

W have finished testing 50 women with funding from the National Cattlemen's Beef
Commission; we have new funding to test 50 men from MN Beef Commission for the coming
year and seek permission to continue with our study. Dr David will continue as PI for
collected data only (will not continue with testing of new 50 subjects). Also, Rachel Iverson
will graduate summer 2017 and Allison Barry is working on a completely different project

and no longer is involved in this research,

2. List research site{s):
[ BBFH Room 14 |

3. List presentations or publications that have resulted from this research since the last review:
Stastny, 5. (2017). How much leucine is in your food? [Abstract]. Journal of Frailty and Aging.
F126.

Stastny, 5., Kotarsky, C.J., Hackney, K.J., Iverson Dewey, R., (2017). Influence of beef protein
intake and hand grip strength on muscle strength and cross sectional area in middle aged-
women [Absiract]. Journal of Frailly and Aging, OCS5,

Participants:
1. How many participants have completed the study since last review: 50.

2, How many participants have completed the study since first review: 50,

3. Will more participants be recruibed?

[ Ne

B4l Yeer - Indicate approximately how many: 50
B stach a copy of current consent forms), and any recruttment materials,

4. Informed Consent: A copy of the approved informed consent form has been signed by each of the
tticipants in the study, and retained for your records. Has this requirement been met?

Wes
[C] my A, waiver approved
[[] Mo - explain:
Conbinuing Meview or Comphkation Report Page 2af
HEEL et itutional Resew Boand Lasx puriniod 5303007 82800 Al

Reviiiil: Basy 2013

174



(= ]

5. Have any potential participants declined to participate, or withdrawn [rom the ressarch?
) Mo
[] Yes - explain:

6, Summarize any complaints about the research (and their resolution) since the last review?
| mone |

1. Summarize any unanticipated problems (even if previously reported) or adverse events that have
occurred since the last review:

none ]
Unaneticipated problgm: an wnanticipnted proflem Bt inoaloes risks ko subjects or ofliers is any incident, experience,

ar putoome Bt meets all ihe fallowing criterin:

* s wnexpeched (in terons of nabire, severfly, or frequency) given the charcleristics of the siclfect popilation
amind the vessarch as described dn e IRE mpproved profocal and consen? docimentis)

* i related, or possihly refated to participation i the ressarch

*  sliggests the reacarch ploces sulfects ar ofhers af greater risk of harwn (phacsical, psycholagienl, ecomanic, or
swcinl i) that preciosty krnown or recogrized

»  may not have vesailted in actial haven b subjects, buk may only represent dncreased risk of haem (e, plygwical,
peychological, soctal, economis, legal),

Adperse pvent: any unboward or wnfivorable medical cecurrense {physion! or psychological) in @ hman subject,
inclouding iy abrormal sign, syplony, or disease, temporally associnted witl the subject’s prrticipation i He
research, whether or not constdered related to their research participation, Swch events pay fuve atrendy been
expected fo cecir with m cevtain frequency and severity, and previously identified rs potential visks i fhe protocel
Jewis, il consent documentys),

2. Has any new infarmation resulted from the study or any literature, that would affect the
risk/ benefit ratio for new subjects (or for those currently or previously enrolled)?
B Mo
[] Yes —explain, and indicate how this has been/will be addressed with future, current, or
previously enrolled participants:

L e T e

- Investigator's Assuranc

The signature below certifies that:
= information provided in this report is complete and accurate

Continuing Ravow cf Completion Hepot Pape Jafd
BDSL Instiulivhal Rewew Board Last prindad SEA0 00T 5: 2000 ARy
Bevisect Flay 3003

175




e each individual involved as a member of the research team possesses the necessary
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APPENDIX C. DXA SCREENER

Developed by Diane Thériault for the Canadian Panel, International Society for Clinical Densitometry, April, 2004

Patient Questionnaire

Name (print): Date:

Is there a chance that you are pregnant? Yes No
Have you had a barium X-ray in the last 2 weeks? Yes No
Have you had a nuclear medicine scan or injection of an X-ray dye in the last week? Yes No
Have you had hyperparathyroidism or a high calcium level in your blood? Yes No

If you answered yes to any of the above, speak to our receptionist right away.
1. Your: Age: Sex: Male Female

2. Your ethnicity (check one):
__Caucasian (White) __ Black __Aboriginal __Asian __ Hispanic __Other
Your country of birth:

3. Have you ever had a bone density test? Yes No
If YES, when and where?

4. Have you had a recent weight change? Yes No
If YES, tell us about it:

5.  Your tallest height (late teens or young adult):

6. Have you ever broken a bone? Yes No
Bone broken Simple | If not a simple fall, please describe the Age when
fall? circumstances this occurred
7. Has a parent or sibling had a broken hip from a simple fall or bump? Yes No

8. Has a parent or sibling had any other type of broken bone from a simple
fall or bump? Yes No

9. How many times have you fallen in the last year?

10. Have you ever had surgery of the spine, hips, legs or arms? Yes No
If YES, describe what type of surgery you had and which side was affected

11. Are you currently receiving or have you previously received prednisone pills (cortisone)?
Yes, currently Yes, previously No
If YES, for how long? What is your dose? mg or pills each day

12. List any chronic medical conditions that you have:

/Users/ginaschimek/Desktop/Research articles/Appendix A DEXA screening (1).doc
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13. Are you currently receiving or have you previously received any of the following
medications?

No Yes For how long?

Medication for seizures or epilepsy

Chemotherapy for cancer

Medication for prostate cancer

Medication to prevent organ transplant rejection

14. Have you been treated with any of the following medications?

Medication Ever? | Currently? | If current, how long?

Hormone replacement therapy (Estrogen)

Tamoxifen

Raloxifene (Evista)

Testosterone

Etidronate (Didronel/Didrocal)

Alendronate (Fosamax)

Risedronate (Actonel)

Intravenous pamidronate (Aredia)

Clodronate (Bonefos, Ostac)

Calcitonin (Miacalcin nasal spray)

PTH (Forteo)

Zoledronic acid (Zometa)

Sodium fluoride (Fluotic)

15. How many servings of the following do you eat/drink per day (on average)?

Milk Orange juice fortified | Yogurt (small Cheese
(full cup) with calcium (full cup) | container or ¥z cup)
Number of
servings
16. Do you take any calcium supplements (including TUMS)? Yes No

17. Do you take any vitamin D supplements (including multivitamins
and halibut liver oil)? Yes No

18. Do you smoke? Yes No

For women only...

19. Are you still having menstrual periods? Yes No
20. Before menopause, have you ever missed your periods for 6 months or
more, besides during pregnancy? Yes No
21. Have you had your menopause? Yes No
If yes, at what age?
22. Have you had a hysterectomy? Yes No
If YES, at what age?
Have you had both of your ovaries removed? Yes No

If YES, at what age?
/Users/ginaschimek/Desktop/Research articles/Appendix A DEXA screening (1).doc
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APPENDIX D. IRB APPROVAL “THE INFLUENCE OF ANIMAL-BASED PROTEIN
AND BEEF CONSUMPTION ON ABILITY TO PERFORM FUNCTIONAL
ACTIVITIES, MUSCLE QUALITY AND BONE MINERAL DENSITY AMONG

ADOLESCENT TO OLDER FEMALES”

NDSU st

AROTA

|
UNIVERSITY

September [4, 20017

Shem M. Stastoy
Department of Health, Muimition & Exercise Science

IEB Approval of Protocol FHE18010, “The mfluence of snimal-based protein and beef consumption oo abiity to
perform fonctionsl actavittes, muscle guality and bone minersl density among adolescent to older females™
Co-imvestizgaton(s) and research team: Eyle J. Hackney, Chnswopher Kotarsky, Fara Stone, Mathan Dicks,
Pagina Schimek Bailee Sawyer, Madizon Millner, Wathaniel Jobnson

Approval period: 8142017 to 8713/2018  Contiming Review Report Due: 812018

Research site(z): MDEU Funding agency: WD Beef Commiscion (FARDO27460%
Raview Type: Full Board mesting date — 9/82017

Fick Level: A minor increase over minimal nsk

IEB spproval is based on the revised protocol submission (received 8132017}

Additional approval is requined.

o prior to inplementation of any proposed changes to the protecol (Protoco]l Amendment Request Form).

o for continnation of the project bevond the approval peried (Continuing Feview 'Completion Fepon Form). A
reminder 15 typically sanf rwe months prier to the expiration date; dmely submizsion of the report is your
responsibiliny. To avoid a lapss in approval, suspension of recruitment, andfer data collection. 2 report must be
received, and the protocol reviewed and approved prior to the expiradon date

A report is required for:

o any research-related injuries, adverse events, or other unanticipated problems invelving risks to participants or
others within 72 hours of known occumence (Report of Unanticipated Problem or Senous Adversa Event Fomm).
o any significant new findings that may affect risks to participants.

o clogure of the project {Continwing Feview Completion Feport Form).

Flasearch records are subject to random or directed audits at any time to verfy complisnce with IRB regulations
and WDEL policies.

Thank yom for cooperating with NDSU IRE procedures, and best wishes for a successful shudy.

Simrerelwv
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e S T MR
e

kEnsty shirlay, CLP
Biasearch Compliance Administrater

For more information regarding IRB Office submissions and guidelines, please consalt www . ndsu edwiry, This
Instiminon has an approved FaderalWide Assurance with the Deparment of Health and Human Services:
FWAGD00Z439.
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