Narrative Review

Age-related muscle anabolic resistance: inevitable or

preventable?

Alan A. Aragon, Kevin D. Tipton, and Brad J. Schoenfeld

Age-related loss of muscle mass, strength, and performance, commonly referred to
as sarcopenia, has wide-ranging detrimental effects on human health, the ramifica-
tions of which can have serious implications for both morbidity and mortality.
Various interventional strategies have been proposed to counteract sarcopenia,
with a particular emphasis on those employing a combination of exercise and nu-
trition. However, the efficacy of these interventions can be confounded by an age-
related blunting of the muscle protein synthesis response to a given dose of pro-
tein/amino acids, which has been termed “anabolic resistance.” While the patho-
physiology of sarcopenia is undoubtedly complex, anabolic resistance is implicated
in the progression of age-related muscle loss and its underlying complications.
Several mechanisms have been proposed as underlying age-related impairments in
the anabolic response to protein consumption. These include decreased anabolic
molecular signaling activity, reduced insulin-mediated capillary recruitment (thus,
reduced amino acid delivery), and increased splanchnic retention of amino acids
(thus, reduced availability for muscular uptake). Obesity and sedentarism can exac-
erbate, or at least facilitate, anabolic resistance, mediated in part by insulin resis-
tance and systemic inflammation. This narrative review addresses the key factors
and contextual elements involved in reduction of the acute muscle protein synthesis
response associated with aging and its varied consequences. Practical interventions
focused on dietary protein manipulation are proposed to prevent the onset of ana-
bolic resistance and mitigate its progression.

INTRODUCTION: IMPLICATIONS OF AN AGING
POPULATION

Individuals over 60 years old are currently estimated to
exceed 11% of the global population; by 2050, this figure
is projected to reach 22%.' Individuals aged 80years
and older nearly tripled from 1990 to 2019 (54 million
to 143 million). By 2050, this population is projected to

triple yet again, reaching 426 million, and outnumber-
ing adolescents and youth aged 15 to 24.> Alongside the
rapidly expanding global demographic of older adults is
the need to minimize the burden of age-related diseases
to mitigate the socioeconomic consequences of ill-
health in an increasingly aging society.

Frailty and sarcopenia are among the aging popula-
tion’s greatest health threats. These conditions are often
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referred to interchangeably due to their common
ground of unintended, progressive weight loss.
However, there are important distinctions between the
two conditions. Frailty is a state of increased vulnerabil-
ity due to age-related decline and dysfunction across
multiple physiologic systems,” whereas sarcopenia
refers to the age-related loss of skeletal muscle mass,
strength, and physical performance.* Importantly, the
decline in functional capacity associated with sarco-
penic conditions suggests a clear link between sarcope-
nia and generalized frailty.>°

Human skeletal muscle mass reaches peak levels
between the second and fourth decades of life,” and
then progressively declines thereafter under relatively
sedentary conditions. On average, humans lose approxi-
mately 0.5% of their skeletal muscle mass per year after
the fourth decade of life, escalating to approximately
1%-2% annually after the age of 50 and then increasing
exponentially to approximately 3% annually after the
age of 60.>® Estimates suggest that the loss of strength is
markedly greater than the loss of muscle mass.’
Estimates of the prevalence of sarcopenia in the general
population aged >60years is approximately 10% in
both men and women'’; a range of 9.9% to 40.4%
among community-dwelling elderly people has been
reported, which appears to be dependent on the specific
definition and cut-off criteria applied."" Sarcopenia
prevalence in nursing homes is estimated to be 51% and
31% among men and women, respectively.'>

The development of sarcopenia is undoubtedly
complex and multifactorial, but one major contributor
is the resistance of skeletal muscle to anabolic stimuli—
termed anabolic resistance. This review aimed to ad-
dress the key factors and contextual elements involved
in the reduction of the acute muscle protein synthesis
(MPS) response associated with aging and its varied
consequences. Practical interventions focused on die-
tary protein manipulation and supplementation, as well
as the importance of physical activity, will be proposed
for preventing and mitigating anabolic resistance.

METHODS

Because the primary objective of this paper was to
broadly and comprehensively cover the nuances of age-
related anabolic resistance, a narrative approach was
chosen to review the topic. Two electronic databases,
PubMed and Google Scholar, were searched using a
combination of the following key terms: “anabolic
resistance,” “muscle protein synthesis,” “muscle mass,”
“protein intake,” “protein consumption,” “protein
timing,” “resistance training,” and “strength training.”
Scrutiny of the reference lists of applicable studies as

well as the authors” knowledge of related research fur-
ther helped to identify additional relevant papers.

THE DEVELOPMENT OF ANABOLIC RESISTANCE IN
AGE-RELATED MUSCLE LOSS

The metabolic mechanism for loss of muscle mass is
based on the dynamic balance between MPS and muscle
protein breakdown (MPB)—in particular, the net bal-
ance between the synthesis and breakdown of the myo-
fibrillar proteins (the structural proteins responsible for
changes in muscle mass). When the rate of MPS is less
than MPB, ie, negative net muscle protein balance
(NMPB), for a period of time, muscle mass declines.
Hyperaminoacidemia from protein ingestion results in
stimulation of MPS and positive NMPB. The stimula-
tion of MPS from ingestion of a protein source is
blunted with advancing age.'>'* This decrease in sensi-
tivity to protein ingestion means that the amount of
protein necessary to stimulate the maximal response of
MPS is greater in older than in younger adults."
Resistance exercise also stimulates MPS, and this stimu-
lation is reduced in older muscle as well'®'” and is asso-
ciated with lower activity of anabolic signaling
pathways."” The response of MPS to nutrition and exer-
cise plays a larger role in NMPB than MPB does.'® This
asymmetric control system dictates that increases in
NMPB are more dependent on enhancing MPS than on
inhibiting MPB. Thus, the diminished MPS response to
protein feeding in older individuals is thought to be a
principal driver of long-term skeletal muscle loss with
advancing age."’

The development of sarcopenia is more commonly
associated with anabolic resistance to protein ingestion,
but older adults also tend to be less sensitive than youn-
ger adults to the anabolic impact of insulin on muscle.
The role insulin on MPS primarily is thought to be per-
missive.”” However, postprandial elevations of insulin
may stimulate MPS provided amino acid availability is
maintained.”"** This anabolic effect of insulin seems to
manifest indirectly via increased muscle blood flow and
microvascular perfusion, leading to elevated amino acid
availability to the muscle.”> Moreover, there is evidence
for a link between endothelial dysfunction and age-
related anabolic resistance. The normal insulin-
mediated stimulation of endothelial vasodilation is re-
duced with age,”* leading to an impaired MPS response
of skeletal muscle to insulin.*’ Postprandial hyperinsuli-
nemia also contributes to positive NMPB by reducing
MPB.* Resistance to the antiproteolytic effect of insulin
seems to be blunted in older adults, possibly contribut-
ing to sarcopenia.”®> However, the contribution of the
reduced impact of insulin on MPB with age to age-
related muscle loss is questionable. Insulin seems to
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selectively blunt the breakdown of nonmyofibrillar pro-
teins, but not of myofibrillar proteins.*® Thus, the resis-
tance of skeletal muscle to anabolic stimuli (ie,
hyperaminoacidemia, hyperinsulinemia, and resistance
exercise) with ageing seems to be mediated primarily by
reduced MPS rather than any effect on MPB.

Several mechanisms are proposed to underpin age-
related impairments in the MPS response to stimuli.
These mechanisms include decreased anabolic molecu-
lar signaling activity,'” reduced insulin-mediated capil-
lary recruitment (thus reduced amino acid delivery),”
and increased splanchnic retention of amino acids (thus
reduced availability for muscular uptake).”® More re-
cently, additional contributing factors have been pro-
posed, such as insulin resistance, systemic
inflammation, and decreased concentration of satellite
cells."” An emerging body of evidence indicates a bi-
directional role of the gut-muscle axis in the regulation
of muscle mass and function.”” Biological processes
modulated by the gut microbiota proposed to influence
anabolic resistance include reduced biosynthesis of
microbe-derived amino acids, including leucine.*
Furthermore, it is plausible that an increase in pro-
inflammatory microbes can lead to dysbiosis and vascu-
lar dysfunction,” which in turn can impair perfusion
and delivery of amino acids to skeletal muscle. Thus,
the mechanistic regulation of age-related anabolic resis-
tance remains to be definitively determined.

THE INFLUENCE OF NON-AGE-RELATED FACTORS ON
ANABOLIC RESISTANCE

The findings of research comparing the acute MPS re-
sponse to exercise and/or protein/amino acid-based
nutrition in older versus younger adults are somewhat
equivocal. Whereas anabolic resistance typically is con-
sidered an age-related phenomenon, it is not clear that
advancing age, per se, is responsible for the develop-
ment of resistance to anabolic stimuli in skeletal muscle.
Other factors associated with aging (eg, increasing inac-
tivity, low-grade inflammation, and/or increasing obe-
sity) likely contribute to anabolic resistance. Shad et al*®
investigated this relationship in a systematic review
encompassing 24 studies and illuminated methodologi-
cal differences that provide potential explanations for
the mixed data. The age range of the young participants
was 20 years-35 years, whereas the older adults studied
were 64-76 years. Among the 48 study arms of the 24
studies, 3 separate models were examined. In the model
examining the effect of exercise alone, 8 of 17 study
arms provided sufficient evidence of age-related ana-
bolic resistance, characterized by significantly lower
MPS in older individuals. A second model assessed the
response to amino acid-based nutrition alone, and 8 of
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21 study arms showed sufficient evidence of age-related
muscle anabolic resistance. While the latter models in-
dicated the presence of age-related anabolic resistance
via diminished MPS in older subjects compared with
younger ones, a third model that examined a combina-
tion of exercise and amino acid-based nutrition found
evidence of this phenomenon in only 2 of 10 study
arms. This consistent lack of anabolic resistance in the
vast majority of studies examining this combination is
compelling support for the likelihood that the develop-
ment of anabolic resistance is not an ineluctable conse-
quence of growing older. Moreover, this lack of
certainty suggests the possibility of prevention or treat-
ment via implementation of concurrent training and
nutrition-based interventions. A trial among those in
the third model that exemplifies this possibility is by
Atherton et al,”> who reported no significant differences
in the anabolic response between young (24 = 6y) and
old (70 *5y) subjects. Importantly, both groups
showed similar increases in myofibrillar MPS (as op-
posed to mixed MPS) in response to post-resistance ex-
ercise ingestion of a mixed macronutrient beverage
with 4.2 g leucine.

Anabolic resistance also is instrumental in the skele-
tal muscle atrophy that occurs during periods of muscle
disuse, regardless of age. Disuse-related atrophy of skele-
tal muscle (also called disuse atrophy or simple atrophy)
results from volitional inactivity or immobilization as an
outcome of injury, recovery from surgery, or similar sce-
narios that may necessitate bed rest.'”***> Limb immobi-
lization results in rapid and substantial atrophy,’ with
measurable loss of muscle reported in as little as 2 days.””
This muscle loss is associated with reduced sensitivity of
MPS to protein ingestion.””*® Reduced activity in the
form of short-term bed rest also leads to muscle loss asso-
ciated with anabolic resistance that is greater in older
than in younger adults.’® Moreover, anabolic resistance
also manifests during recovery from forced immobility.
Muscle regrowth is diminished in old compared with
young muscle following a period of immobility,** likely
mediated by decreased MPS. Integrated MPS, ie, includ-
ing both postabsorptive and postprandial periods, was re-
duced with 2weeks of decreased (70%) step count, but
did not return to normal with 2 weeks of return to habit-
ual activity in older adults.* Thus, forced inactivity with
injuries involving limb immobilization or periods of bed
rest during illnesses or hospital stays will exacerbate mus-
cle atrophy, mediated by greater anabolic resistance of
skeletal muscle.

Anabolic resistance resulting from reduced physical
activity also contributes to muscle loss with age in
healthy adults. Complete inactivity, such as limb immo-
bility or bed rest, is not necessary to induce anabolic re-
sistance. Even relative inactivity with reduced step
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count induces anabolic resistance and muscle atrophy
in older adults.*> Since physical activity levels tend to
drop with increasing age,*>** increased inactivity likely
is a major contributor to age-related anabolic resistance
and muscle loss. Therefore, chronological aging, per se,
does not seem to be the only explanation for resistance
of muscle to anabolic stimuli. Decreased habitual physi-
cal activity interspersed with periods of forced inactivity
(eg, due to hospitalization, or limb immobilization)
may be important key drivers of anabolic resistance
leading to muscle loss.

Obesity is associated with metabolic perturbations
in many tissues, including muscle. The pervasiveness of
obesity in conjunction with sarcopenia in older adults is
becoming an important public health issue. The global
rise of obesity has occurred concurrently with the rapid
global expansion of the older population, which
presents a compound challenge. Data from the latest
National Health and Nutrition Examination Survey
(NHANES) cycle (2013-2016) estimates an obesity
prevalence of 36.6% in men and 41.0% in women.* In
addition to increasing the risk for type 2 diabetes, car-
diovascular disease, respiratory disease, stroke, gallblad-
der disease, cancer, sleep disorders, and osteoarthritis,*®
obesity also may lead to impaired muscle metabolism
and function.”””** As a consequence of increasing obe-
sity rates and the aging population, there is a confluence
of obesity with aging and sarcopenia. As the term
implies, “sarcopenic obesity” refers to the combination
of low muscle mass and function in individuals with
obesity.*’

The influence of obesity, per se, on the sensitivity
of MPS to elevated amino acids is not consistent, which
complicates presumptions about the relationship be-
tween these variables. Whereas obesity, independent of
increasing age, has been associated with anabolic resis-
tance to protein feeding, anabolic resistance in obese
individuals is not universally reported.*”** Both protein
feeding and a hyperinsulinemic-hyperaminoacidemic
clamp have been used to determine the response of
MPS to feeding in obese and overweight adults. The
synthesis of mixed,”® myofibrillar,”’ and mitochon-
drial®® proteins has been reported to be reduced in
obese adults compared with controls when blood amino
acids were increased under clamp conditions. However,
this response is not ubiquitous across studies.’*”’
Whereas this method is an important technique used to
evaluate the metabolic response in muscle, the square-
wave nature of elevated blood amino acids is not the
same as the postprandial response to protein ingested in
a meal. When amino acid availability is increased with
protein feeding, the response also is inconsistent.”*
Similarly, the response of MPS to resistance exercise is
reported to be both impaired®” and unaffected by

obesity.”® Among the muscle protein subfractions, obe-
sity was shown most consistently to impair the synthesis
of myofibrillar proteins, but not sarcoplasmic or mito-
chondrial protein synthesis, in response to nutrition
and resistance exercise.”’ Thus, whereas obesity has
been associated with impaired muscle responses to ana-
bolic stimuli, direct attribution is not possible at this
point. Nevertheless, the relationship between obesity
and sarcopenia can be viewed as a bi-directional or vi-
cious cycle of pathological changes that simultaneously
affect the myocytes and adipocytes. Li and Ma> re-
cently posited that sarcopenic obesity results from the
interplay of pro-inflammatory myokine secretion and
dysregulated adipokine and cytokine secretion.
Pathological changes within muscle include decreased
IL-15 and IFG-1, alongside increased myostatin and de-
creased IL-6 secretion. These occur alongside increased
changes in adipose tissue, including TNF-alpha, IL-1-
beta, IL-6, leptin, and decreased adiponectin. The sus-
tained effects of an energy-dense/nutrient-poor diet
and a physically inactive lifestyle can exacerbate the pre-
disposition to chronic diseases in advanced age. This
sets the stage for sarcopenic obesity, where continued
decreases in lean mass and increases in fat mass are ac-
companied by increased insulin resistance, oxidative
stress, and chronic low-grade inflammation. Healthy
body composition ranges are important for general
awareness but are still subject to a myriad of individual
factors, preventing their upper and lower limits from
being viewed as strict or end-all cut-offs. Nevertheless,
for the general population, Abernathy and Black®
reported that statistically desirable body fat percent
ranges for men and women are 12%-20% and 20%-
30%, respectively. Similarly, Kyle et al®' reported that
healthy body fat ranges for men and women are 10.8%-
21.7% and 21.7%-33.2%, respectively.

The reason for the discrepancies in reports of ana-
bolic resistance associated with obesity is unknown but
may be related to reduced physical activity levels.
Obesity, as with aging, is linked with decreased levels of
physical activity.®>*> Reduced activity levels diminish
the sensitivity of muscle to amino acid availability.*
Conversely, even modest physical activity performed
the day before amino acid ingestion increases the
responses of MPS to feeding.64 Thus, differences in ha-
bitual activity levels of the volunteers in the studies in-
vestigating obesity and anabolic resistance may explain
the discrepant results. In support of this notion,
Smeuninx et al’® reported a clear correlation of the re-
sponse of MPS to protein feeding and daily step count.
Moreover, the step count of the obese volunteers with
no indications of anabolic resistance reported by Kouw
et al>* was greater than is usually observed for obese
individuals.®® Therefore, anabolic resistance reported in
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obese individuals may be a result of reduced activity
rather than excess adiposity.

Whereas there is evidence that obesity may not
lead to anabolic resistance, other attributes associated
with obesity may lead to decreased sensitivity to
nutrients. Additional potential obesity-related media-
tors of anabolic resistance include insulin resistance
and systemic inflammation. Systemic inflammation
seems to play a role in the dysregulation of muscle me-
tabolism. Inflammation has been shown to be associ-
ated with a diminished response of MPS to
hyperaminoacidemia in older obese adults.”"*® Obesity
also can set the stage for the development of insulin re-
sistance via the accumulation of ectopic fat.°> Ectopic
fat storage is characterized by triglyceride accumulation
in “non-adipose tissues”—the most relevant ones for
this discussion are the liver and skeletal muscle, which
are major sites of insulin activity. Fat accumulation in
ectopic depots is considered instrumental in the devel-
opment of insulin resistance and type 2 diabetes, both
of which are predisposed by obesity.®®

The findings of the third model in Shad et al*
point to programming possibilities for circumventing
age-related differences in postprandial MPS responsive-
ness. Specifically, leveling the field of anabolic response
may be achieved by optimizing protein intake (includ-
ing timing and distribution),®” particularly when com-
bined with regimented physical activity (particularly
resistance training).®® Additionally, Shad et al** hypoth-
esized there may be an exercise volume threshold that
older adults must reach to match the MPS response of
younger subjects. However, this speculation is chal-
lenged by inconsistent results across studies, which
might be due to differences in subjects’ habitual physi-
cal activity. That is, individuals with higher levels of ha-
bitual physical activity or exercise may have less
probability of exhibiting age-related anabolic resistance
than their more sedentary counterparts. Habitual physi-
cal activity was objectively assessed (via accelerometry)
in only 1 of the 24 studies of the meta-analysis, wherein
Chevalier et al* reported that postprandial whole-body
and muscle protein anabolic responses were preserved
in active, healthy older women (73 = 3 years). However,
in more recent work (not included in Shad et al),
Smeuninx et al’® demonstrated an association between
daily step-count and postprandial MPS responsiveness
in older men and women. Devries et al’® investigated
the 2-week effects of resistance training during an ap-
proximately 80% reduction of daily steps in older men
(70 = 1years). The low-load training program encom-
passed 3 sessions per week, consisting of 2 exercises (leg
press and leg extension), 3 sets per exercise performed
at 30% of 1-repetition maximum until volitional fatigue.
Leg fat-free mass decreased with step-reduction but
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increased with step-reduction plus resistance training.
Myofibrillar MPS was higher in the latter condition in
both the postprandial and postabsorptive states.
Recognizing the potential influence of habitual physical
activity, Phillips et al”* limited subject eligibility to indi-
viduals who had a minimum of 2 years without any re-
sistance training or moderate- to high-intensity aerobic
training. Over the course of 5 months, muscle mass was
significantly increased via resistance training in younger
subjects (25 * 4years), but not in middle-aged
(50 = 4 years) or older subjects (70 = 3 years). Although
no significant between-group differences in macronu-
trient intake were reported, daily protein consumption
was suboptimal to maximize anabolism (<1.6 g/kg).
The findings collectively indicate that resistance exer-
cise is capable of supporting lean mass and a favorable
MPS response, even in the face of step reduction. In
cases where orthopedic, environmental, or other limita-
tions prohibit older adults from being physically active
through aerobic activity such as walking, a resistance-
based program may be effective in mitigating losses in
muscle and impairments in MPS.

Methodological considerations for future studies
should include the accounting of habitual physical ac-
tivity, which has the potential to positively influence the
acute anabolic response to protein feeding.
Furthermore, dose-response investigations of the rela-
tionship between weekly training volume (and/or inten-
sity) and anabolic resistance could elucidate minimum
effective doses of these parameters. Addressing these
gray areas would be useful for populations including
the chronically ill, whose limited training capabilities
preclude higher volumes or loads. Finally, daily protein
intakes in future investigations should be optimized
when the objective is to purposely or maximally induce
muscle growth or retention.

PRACTICAL APPLICATIONS

Physical activity/exercise focused on increasing or
preserving both muscle mass and strength

Dynapenia (age-related strength loss)’* has remained in
the shadow of sarcopenia in terms of media attention in
the lay and academic press. It is possible that the pri-
mary emphasis on preventing losses in muscle mass is
an oversight, since dynapenia is a potentially stronger
predictor of age-related disability and mortality.”?
Further support of this is a 5-year prospective cohort
study by Scott et al,”* who reported that in middle-aged
and older community-dwelling subjects, dynapenic
obesity, but not sarcopenic obesity, was associated with
an increased risk of falls. Moreover, muscle mass and
strength changes do not track simultaneously and are
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often dissociated. Increases in muscle strength can oc-
cur in the absence of mass gains, suggesting neurologi-
cal adaptations that can occur independently of muscle
hypertrophy. However, Clark et al”> recently reported a
relatively even contribution of lean mass and neural ex-
citability in the prevention of muscle weakness in older
adults. Therefore, compared with preserving or increas-
ing muscle mass, the aim to preserve strength is at least
of equal importance to the aging population. The in-
crease and/or preservation of muscle mass serves to
protect metabolic function, while the pursuit of strength
increase and/or maintenance can protect neuromuscu-
lar function and prolong physical independence in
older adults. It is worth noting that these benefits are
not merely limited to being preventive. It is never “too
late” to commence countermeasures against existing
age-related musculoskeletal decline. Illustrating this
point is a 16-study systematic review by Lopez et al,”®
who reported that in subjects >65 years who met stan-
dard diagnostics for frailty, resistance training at a fre-
quency of 1-6 sessions per week, 1-3 sets of 6-15
repetitions, and intensity of 30%-70% of 1-repetition
maximum increased maximal strength by 6.6%-37%,
muscle mass by 3.4%-7.5%, muscle power by 8.2%, and
functional capacity by 4.7%-58.1%.

Total daily protein targets and within-day protein
distribution

Total daily protein, and within-day protein distribution
(including per-meal dosage) are both important factors
for maximizing muscle anabolism in the aging popula-
tion. Current position stands on the protein needs of
older adults (>65years) recommend intakes greater
than recommended dietary allowance guidelines. For
example, the ESPEN Expert Group”’ recommends a
protein intake of at least 1.0 g/kg/day-1.2 g/kg/day for
healthy older people, 1.2g/kg/day-1.5g/kg/day for
older people who are malnourished, or have acute or
chronic illness, and even higher intakes for individuals
with severe illness or injury. The PROT-AGE Study
Group’® recommends an average daily intake of 1.0 g/
kg/day-1.2 g/kg/day for healthy individuals, 1.2g/kg/
day-1.5 g/kg/day for those with an acute or chronic dis-
ease, and up to 2.0 g/kg/day for those with malnutrition,
severe illness, or injury. Other than for those with pre-
existing kidney disease,”” there does not appear to be
any imminent health risk of higher protein consump-
tion than the aforementioned upper thresholds.*
Age-related muscle anabolic resistance may be
overcome, and sarcopenia progression offset, by maxi-
mizing postprandial MPS through structured resistance
training. A large meta-analysis by Morton et al (49 ran-
domized controlled trials, 1863 subjects)®' concluded

that a protein intake of approximately 1.6g/kg/day
(with an upper 95% confidence interval of 2.2 g/kg/day)
maximizes resistance training-induced muscle hyper-
trophy and strength gains in adults under eucaloric or
hypercaloric conditions.®" However, it was also found
that gains in fat-free mass were reduced with increasing
age.’ This calls into question the effectiveness, and pos-
sibly the sufficiency, of the 1.6 g/kg/day benchmark
when applied to older adults. It is therefore possible
that this intake level should be the minimum to be
maintained through older age, alongside regular
resistance-type exercise, if the goal is to maximize sensi-
tivity to anabolic stimuli and preserve muscle mass. A
limitation of this meta-analysis is its exclusion of trials
involving hypocaloric conditions, which could increase
protein requirements for maximizing muscle retention
in both clinical® and athletic populations.*> A previous
meta-analysis by Finger et al®* that included 9 random-
ized controlled trials focused on older adults (462 sub-
jects aged 61-79years) found that protein
supplementation in combination with resistance train-
ing was associated with gains in fat-free mass (assessed
via dual X-ray absorptiometry in the majority of the tri-
als) but not muscle mass (assessed via computed tomog-
raphy in the majority of the trials) nor strength,
compared with resistance training alone. The mean trial
length was 22 weeks, with a mean supplemental protein
intake of 0.46 g/kg/day (20.7 g). Mean baseline protein
intake was not reported, leaving open questions about
whether total daily protein intakes were suboptimal, de-
spite supplementation.

A recent meta-analysis by Nunes et al,*> the most
comprehensive to date (74 randomized controlled trials,
2665 subjects), sheds further light on the state of the ev-
idence, including its uncharted ground. The analysis
was stratified into younger (< 65 years) and older sub-
jects (>65years), and 3 different daily protein intake
levels (<1.2g/kg, 1.2g/kg-1.59g/kg, and >1.6g/kg).
Significant gains in muscle size and strength gain were
seen at both higher protein intake levels, but in younger
subjects, lean mass gain was significant only when
ingesting >1.6 g/kg (greater lower-body strength gain
was also seen at this level). In older subjects, significant
lean mass gain occurred at the middle bracket of pro-
tein intake (1.2 g/kg-1.59 g/kg). However, the authors
explicitly acknowledged an absence of studies examin-
ing intakes of >1.6 g/kg in older subjects. The analysis
also excluded trials involving hypocaloric conditions
targeted for weight loss, which may raise protein
requirements for optimizing training effects. It was
clear that protein intakes of >1.6 g/kg show muscle size
and strength gains in subjects under the age of 65 years,
but there is also a clear lack of data on such intakes in
subjects who are 65years and beyond. Furthermore,
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there is an absence of trials directly comparing 1.6 g/kg
with higher intakes, so the commonly presumed opti-
mality of this dose is still speculative—especially in
older adults. Nevertheless, it is worth considering that
optimized protein requirements of physically active
(and even more so in athletic) individuals are likely to
diminish minimally, if at all, as a mere function of chro-
nological age. As stated by Moore,*® “Master athletes
have similar muscle characteristics, physiological
responses to exercise, and protein metabolism as young
athletes and, therefore, are unlikely to have protein
requirements that are different from their young
contemporaries.”

Further tactics such as strategic timing and distri-
bution of feeding to maximize anabolism and anticatab-
olism may be necessary, but this remains a gray area in
the literature. Protein consumed after exercise (versus
at rest) has resulted in greater MPS in both young and
elderly men.®” However, the traditional focus on the
post-exercise “anabolic window of opportunity” mainly
reflected evidence from acute MPS studies involving
comparisons of fasted subjects,*® which limits the exter-
nal validity of the concept. Furthermore, Burd et al*’
reported that resistance exercise taken to momentary
muscular failure stimulated rates of myofibrillar protein
synthesis above fasting rates, preserving sensitivity to
protein feeding up to 24 hours into recovery. The col-
lective evidence underscores the primacy of attaining
adequate total daily protein intake, while specific timing
of doses relative to training is of distantly secondary im-
portance from an anabolism standpoint.”

In addition to hitting the targeted daily protein to-
tal, overcoming postprandial anabolic resistance may
require consuming a sufficiently large dose of high-
quality protein per meal. The PRO-AGE Study Group
recommends 25 g-30 g protein per meal, containing ap-
proximately 2.5 g-2.8 g leucine.”® However, more recent
data show that this dosing range is on the low end, and
it might be more accurate to issue per-meal protein rec-
ommendations on a basis proportional to body mass.
Moore et al'® retrospectively analyzed 6 of their previ-
ous studies examining myofibrillar MPS. In older sub-
jects (71 = 1years), MPS reached a plateau at a per-
meal dose of 0.4 g/kg. Notably, the authors caution that
this is a mean value, and up to 0.6 g/kg may be required
to maximize MPS in some individuals. More recently,
Park et al’' found that 70 g protein from beef patties eli-
cited a greater MPS response than 35g in older adults
(69.3 £ 1.8 years). It is noteworthy that these results
were seen in the non-trained state, raising the possibil-
ity that a resistance training bout could have potenti-
ated an even higher dosing ceiling for maximal
postprandial MPS. Holwerda et al®* provided further
insight into the topic, showing a graded anabolic dose-
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response to 15 g, 30 g, and 45 g milk protein supplement
in the 6-hour post-exercise period following a multi-set
resistance training bout. However, while whole-body
net protein balance was greater in the 45 g dose, the rate
of myofibrillar MPS peaked at 30 g.

The so-called “muscle full” effect denotes the finite
capability of a given protein or amino acid dose to ele-
vate MPS,”* where elevated MPS via oral ingestion of a
protein bolus peaks at approximately 120 minutes and
returns to baseline levels in approximately 180 minutes,
despite the persistence of elevated essential amino acids
(EAA) in circulation. This finding gave rise to specula-
tion that protein ingestion (>20g) should be spaced
sufficiently to avoid refractory effects on MPS during
the “muscle full” period.”* However, Churchward-
Venne et al’> demonstrated that although protein feed-
ing in the resting state results in MPS levels peaking at
between 1hour and 3hours post-ingestion, protein
feeding in the resistance-trained state results in greater
MPS at 3 hours-5 hours than at peak MPS in the resting
state. The implications of these findings on long-term
changes in muscle mass require further study. When
considering the data as a whole, a protein dosing range
of 0.4 g/kg-0.6 g/kg per meal seems warranted for maxi-
mizing the acute postprandial muscle anabolic response
(eg, overcoming anabolic resistance). Consuming this
dose for a minimum of 3-4 times per day would help
ensure that the recommended total daily protein target
is met.

Protein intakes that can maximize muscle growth/
retention and strength (>1.6 g/kg) can involve increases
of roughly 50-60% greater than what is habitually con-
sumed among the elderly population, which can be
challenging without an informed strategy. A potentially
viable solution is to focus on improving the pattern of
intake through the course of the day. To fortify gaps in
protein distribution, it helps to know the population-
level pitfalls. A typical American diet has the majority
of the day’s protein intake (~40-60g protein, repre-
senting ~50% of total intake) skewed toward the dinner
meal.”® NHANES data show that lunch is the most fre-
quently skipped meal across all age groups.”” A skewed
protein distribution towards dinner is not an exclusively
American phenomenon. For example, data from
Australia,”® ]apan,99 and Europe100 show that dinner is
the highest protein-containing meal of the day. Based
on these findings, older individuals should be aware of
the general tendency toward protein shortcomings at
breakfast and/or lunch, and either increase serving
amounts, or supplement accordingly, to achieve the
minimum per-meal target of 0.4g/kg. An additional
and overlooked opportunity for protein feeding is pre-
sleep, particularly in the post-exercise period, where an
approximately 40 g-48 ¢ dose augments the overnight
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muscle anabolic response in skeletal muscle by increas-
ing amino acid availability to promote positive net mus-
cle protein balance.'' "%

It is notable that despite some support for an ana-
bolic advantage of a more evenly spread pattern of pro-
tein feedings,w‘*’105 several studies have failed to
demonstrate this advantage compared with a more
skewed distribution.'””'” Among these trials, those
with sufficient total daily protein for targeting hypertro-
phy (near or beyond 1.6 g/kg) were of short duration
(up to 2wk). The 1 trial lasting 8 weeks!® involved rela-
tively low total daily protein intakes (1.1 g/kg), which
would amount to sub-optimal protein intake per meal
(<0.4 g/kg) for the purpose of maximizing acute MPS,
thereby potentially compromising muscle growth over
the longer term. Importantly, none of these trials in-
volved an exercise component, let alone structured, pro-
gressive resistance training, which could potentiate the
anabolic response of more evenly spread distributions
of protein doses sufficient for maximizing MPS. More
research is needed to better resolve the conflicting find-
ings in this area, but from a pragmatic standpoint,
“evening-out” protein intake patterns by fortifying or
increasing the protein servings of typically low-protein
meals would hedge the probability toward increasing
total daily intake, thereby increasing the likelihood of
optimizing muscle growth and retention.

Supplementation strategies

The ingestion of protein doses or daily totals that are
maximally anabolic or protective against muscle loss is
not always a simple or feasible task. Protein’s satiating
capacity has the potential to have a self-limiting effect
on higher intakes. In such cases, several supplementa-
tion strategies are worth considering. Katsanos et al''®
found that supplementing 1.7 g leucine within an EAA
mixture in elderly individuals (66.7 years = 2.0 years)
did not match the MPS response seen in younger
adults, while 2.8 g leucine within an EAA mixture was
able match this response. Bukhari et al''" reported that
the MPS response to 3g of EAA (40% leucine) was
equivalent to 20g whey in older women, which has
implications for a less satiating, yet similarly anabolic
alternative to greater protein quantities. More recent
work by Gwin et al''* found greater whole-body net
protein balance from ingesting a whey-EAA mixture
compared with an isocaloric/isonitrogenous amount of
whey (34.7 g protein each, but the whey-EAA mixture
contained 5.3 g more EAA). Although the latter study
did not examine older adults, these results provide a
plausible basis for application to older populations with
suboptimal protein intakes. In further support of this
point, a recent meta-analysis by Cheng et al'"> found

that in low-protein-consuming (~10-15% of total en-
ergy), frail, sarcopenic, dependent elderly individuals,
including those with acute or chronic conditions, sup-
plementation with EAA outperformed high-protein
oral nutritional supplements and protein-rich foods for
improving fat-free mass, muscle strength, and physical
function—although all of the aforementioned treat-
ments provided benefit. Importantly, this effect was
seen despite the absence of resistance training.
However, it bears emphasis that this meta-analysis in-
cluded patients with acute disease, musculoskeletal in-
jury, and in post-surgical states. It is possible that
improved protein and/or amino acid-based nutrition
would serve to alleviate the severity of malnourishment
and muscular weakness or dysfunction. These results
may not necessarily translate to the prevention of sarco-
penia in normally functioning older adults.

In scenarios that preclude optimal total daily pro-
tein intakes, it is reasonable to consider a full comple-
ment of EAAs as a superior supplementation strategy to
merely the branched-chain amino acids. However,
Casperson et al''* reported that in older sedentary
adults consuming approximately the recommended die-
tary allowance for protein (0.8 g/kg/day), 2 weeks of leu-
cine supplementation (4 g/meal, 3 meals/d) resulted in
greater postprandial MPS from the same low-protein
meal used in the pre-trial test. It was thus concluded
that leucine supplementation could serve as an energeti-
cally efficient means of improving MPS in the face of
low protein intakes.

Creatine supplementation warrants consideration
due to the vast and consistent evidence for its role in
enhancing muscle size, strength, and power. Creatine
(typically in the monohydrate form) dosed at approxi-
mately 3 g/day-5 g/day after a week-long loading phase
of approximately 20 g/day-25 g/day increases intramus-
cular creatine levels and forms phosphocreatine, which
serves as a buffer to resynthesize ATP, ultimately in-
creasing the capacity to perform maximal effort anaero-
bic exercise. Rawson et al''> compared the effects of a
short-term creatine loading phase (20g/d for 5d) on
young (20 * 32 years) and old men (63 = 83 years) and
reported a slightly but significantly greater increase in
muscle phosphocreatine in young compared with old
subjects (27.6 £ 0.5 mmol kg and 25.7 = 0.8 mmol kg,
respectively). Despite this, the preponderance of evi-
dence shows anabolic and ergogenic benefits of creatine
supplementation in older subjects. A meta-analysis by
Devries and Phillips''® examined the effects of creatine
on older subjects (63.6 = 5.9 years, n=357) in studies
lasting at least 6 weeks, and concluded that creatine en-
hanced gains in muscle mass, strength, and functional
performance over resistance training alone. A subse-
quent meta-analysis by Chilibeck et al''” with nearly
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double the number of subjects (57-70years, n=721)
included studies ranging 7-52 weeks and found similar
results: creatine supplementation increased muscle
mass and strength in older resistance trainees.

Vitamin D is commonly known for its role in bone
health, but it might also play a direct role in muscle
function and metabolism, as evidenced by the presence
of a vitamin D receptor in skeletal muscle,''® whose ex-
pression declines with age.''” Vitamin D deficiency is
considered a highly prevalent public health problem, af-
fecting up to an estimated 1 billion people globally.'*
Vitamin D deficiency is associated with muscle fiber at-
rophy,'*! while treatment with vitamin D has resulted
in hypertrophy of type II fibers in human muscle.'** A
meta-analysis by Kalyani et al'*> found that vitamin D
therapy (200IU-10001IU) resulted in 14% fewer falls
than calcium or placebo in subjects aged 71 years-
92 years. Importantly, all included studies involved sub-
jects who had vitamin D insufficiency (<30ng/ml) at
baseline, so these results cannot necessarily be general-
ized to those with adequate vitaminD status.
Rosendahl-Riise et al'** conducted a meta-analysis of
the effects of vitaminD supplementation on muscle
strength and mobility in community-dwelling elderly
subjects. No significant improvement in handgrip
strength was seen, along with a slight decrement in mo-
bility. In 6 of the 15 studies, serum 25-hydroxyvitamin
D (25(0OH)D) exceeded the sufficiency threshold, and
was below this threshold in 8 studies; 1 study did not re-
port baseline levels. Antoniak et al'*> conducted a
meta-analysis that examined the combined effects of re-
sistance exercise training and vitamin D3 supplementa-
tion (4001U/d-19201U/d) on musculoskeletal health in
older adults (mean age 72.8 years; n =792). An additive
effect of vitamin D3 supplementation (beyond resis-
tance training alone) was seen for the improvement of
lower limb muscle strength in older adults.
Interestingly, the strength benefit of D3 supplementa-
tion was not limited to subjects with insufficient base-
line levels, as seen in a previous meta-analysis by
Stockton et al.'"*® A recent 12-month trial by Shea et
al'*” found that increasing serum 25(OH)D to an aver-
age of >32ng/ml did not affect lower-body power,
strength, or lean mass in older community-dwelling
adults (>60years). The lack of effect was seen despite
low baseline 25(OH)D levels (mean value of 20.2ng/
ml). A lack of resistance training may explain these null
findings. Based on the collective evidence, resistance
training appears to be critical for facilitating the benefits
of supplemental vitamin D to muscular function. The
US recommended dietary allowance for vitaminD for
individuals aged 14 years-70years is 600IU/day and
increases to 8001U/day at 71years and up.”® The
Endocrine Society recommends a minimum blood
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25(OH)D level of 30 ng/ml, but also suggests that 40 ng/
ml may be a superior minimum target."*> In addition,
the Endocrine Society recommends a supplemental vi-
tamin D3 intake of 1500 IU-2000 IU for adults aged 19
and above, in order to increase the likelihood of attain-
ing a minimum 25(OH)D level of 30 ng/ml.

Another nutrient worthy of discussion is omega-3
polyunsaturated fatty acids (n-3 PUFA) - specifically,
eicosapentanoic acid (EPA) and docosahexanoic acid
(DHA), present in marine oils. Franceschi et al'**
coined the term “inflamm-aging,” in reference to their
proposed model of the aging that results from a de-
creased ability of the immune system to neutralize phys-
iological stressors, and a concurrent increase in pro-
inflammatory status—indicated by chronically elevated
levels of inflammatory cytokines such as C-reactive pro-
tein (CRT), interleukin-6 (IL-6), and tumor necrosis
factor alpha (TNFa). The anti-inflammatory effects of
n-3 PUFA intake across a broad range of clinical popu-
lations is well established.'*'"!** However, a more direct
connection of n-3 PUFA as an intervention for anabolic
resistance is their anabolic and ergogenic potential.
Smith et al'** found that 8 weeks of n-3 PUFA supple-
mentation (4g/d consisting of 1.86g EPA and 1.50g
DHA) in older subjects (71 * 2 years) with anabolic re-
sistance enhanced the hyperaminoacidemia-hyperinsu-
linemia-induced increase in MPS, as well as activation
of the mTOR-p70S6K signaling pathway. A recent
meta-analysis by Huang et al'*® examined the effects of
n-3 PUFA supplementation on muscle mass, muscle
strength, and muscle performance in elderly subjects
(>60years, n=692), and concluded that n-3 PUFA
supplementation increases muscle mass (>2g/d
resulted in a mean gain of 0.67 kg) and walking speed,
particularly in trials exceeding 6 months. However, of
the 10 studies in the meta-analysis, only 5 studies
reported data regarding their training protocols, which
casts a shade of caution on the findings. Another nota-
ble limitation was the lack of baseline assessment of nu-
tritional status.

Beta-hydroxy-beta-methylbutyrate ~ (HMB), a
downstream metabolite of leucine, has also shown po-
tential for mitigating age-related muscle loss, although
the data are mixed on the topic. A meta-analysis by
Courel-Ibéfiez et al'*® reported that HMB had minimal
benefits on body composition, strength, and physical
performance in older individuals (50 years-80 years,
n=384). These disappointing findings were echoed in
a recent meta-analysis by Jakubowski et al,"”” who
found that HMB lacks efficacy for body composition
and strength outcomes in younger adults (18 years-
45years). In contrast, a more broadly encompassing
meta-analysis by Bear et al”® (36years-87 years,
n=2137) reported modest increases in muscle mass
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Table 1 Synopsis of recommendations for nutrient intake and supplementation in an older population to stave off ana-

bolic resistance

Population

Recommendation Source

Daily protein requirements of older individuals (> 65 y)
Healthy individuals in eucaloric conditions 1.0 g/kg-1.5g/kg
Individuals with acute or chronic iliness 1.29/kg-1.5g/kg

Malnutrition, or severe illness or injury Up to 2.0 g/kg
Per-meal protein requirements of older individuals

General At least 25 g-30 g, yielding 2.59-2.8¢g

leucine
Individuals seeking to maximize muscle 0.4 9/kg-0.6 g/kg

growth or retention

Bauer et al, 2013
Deutz et al, 2014
Bauer et al, 2013
Deutz et al, 2014
Deutz et al, 2014

Bauer et al, 2013

Moore et al, 2015

Daily protein requirements not specifically directed toward older individuals, but likely apply to them®

Physically active or athletic individuals
seeking to maximize muscle growth in
eucaloric or hypercaloric conditions

Highly trained athletes seeking to maxi-
mize muscle growth or retention in
hypocaloric conditions

Supplementation options

1.6 g/kg-2.2 g/kg

1.6 g/kg-2.4 g/kg

General, especially individuals consuming  EAA (or leucine alone) containing leucine
dosed at 2 g/meal-4 g/meal

suboptimal total daily protein
General, recreational and competitive per- Creatine: 3 g/d-5g/d

formance athletes aiming for muscle

size, strength/power increases

Morton et al, 2018
Nunes et al, 2022

Hector and Phillips, 2018

Gwin et al, 2021; Katsanos, et al, 2006

Devries and Phillips, 2014
Chilibeck et al, 2017

General Vitamin D3: 1500 IU/d-2000 [U/d Holick et al, 2011; Antoniak et al, 2017
General n-3 PUFA: ~2 g/d-3 g/d (combined EPA and Huang et al, 2020 Smith et al, 2011
DHA)

@There is a relative paucity of research examining protein requirements of older individuals in the referenced populations, limiting the
ability to draw strong inferences on the topic. Abbreviations: DHA, docosahexanoic acid; EAA, essential amino acids; EPA, eicosapenta-
noic acid; IU, international units; n-3 PUFA, omega-3 polyunsaturated fatty acids.

and robust increases in strength. However, only 3 of the
15 studies used HMB as a single supplement (and not
combined with other compounds). Of greater relevance
to the present discussion, the 2 meta-analyses limited to
adults aged 65 and over'**'*° drew positive conclusions
about HMB’s ability to preserve muscle mass and
strength in elderly subjects who are frail, sarcopenic, or
bed-ridden. Doses in the latter 2 meta-analyses were
2 g/day-3 g/day. In younger individuals, HMB does not
seem to have benefit when daily protein intake is suffi-
cient (>1.6g/kg)'"'; whether this holds true in older
individuals requires further study. As the current evi-
dence stands, the inconsistent efficacy of HMB does not
warrant its inclusion in Table 1.

CONCLUDING PERSPECTIVES

Individuals aged 65 and older are the fastest-growing
population in the world. This carries profound implica-
tions for the global optimization of healthy aging.
Increased susceptibility to anabolic resistance appears to
be an inevitable consequence of advanced chronological
age. However, susceptibility does not automatically equate
to inevitability. The collective evidence indicates that age-
related muscle anabolic resistance is exacerbated by

10

lifestyle/habits that are largely under human control.
Mitigation of age-related MPS impairment has been ob-
served when protein/amino acid-based nutrition and ex-
ercise are properly programmed.'**>'** Nevertheless, it
should be cautioned that age-related skeletal muscle loss
is a multifactorial problem that is not always preventable
by simply increasing protein intake and optimizing pro-
tein distribution. These tactics are not always feasible
across older populations. Anabolic resistance in clinical
populations might not be resolved by merely maximizing
MPS. Impairments in protein digestion, absorption,
amino acid uptake/utilization, macro- and microvascular
blood flow, impaired anabolic signaling, accelerated mus-
cle protein breakdown (especially in chronically or criti-
cally ill patients), obesity, ectopic fat accumulation, and
altered gut microbiota can potentially antagonize protein
feeding-based countermeasures. Despite inevitable
degrees of uncertainty, evidence indicates that the onset
and progression of anabolic resistance can be significantly
delayed or mitigated by lifestyle habits that simulta-
neously facilitate exercise, body fat level, and protein/nu-
trient intake (and/or supplementation) conducive to this
goal.

Expert panel recommendations for adequate total
daily protein intake for older adults range from 1.0 g/

Nutrition Reviews® Vol. 00(0):1-14

220z 1snbny Jz uo Jasn ab9|j0) uewya ANND A9 652/ /99/Z2909eNUALINU/SE0 "0 | /I0P/3|21LIB-00UBAPE/SMSIASIUOILINU/WOD dNo"olWapeoe//:sdny WoJj papeojumoq



PHYSICAL ACTIVITY
* Includes resistance training.

» Individualizes programming
and progression.

» Accommodates clinical
limitations.

PROTEIN AND
SUPPLEMENTATION

« Sufficient total daily
protein.

» Sufficient per-meal protein
dosing.

» Supplementation if
necessary and feasible.

FAVORABLE BODY
COMPOSITION

* Prioritizes lean mass
preservation or gain.

* Aims to achieve and
maintain healthy
body fat levels.

+ Accommodates
individual goals and
preferences.

Figure 1 Conceptual framework of the integral tactics for preventing and mitigating anabolic resistance.

kg/day to 1.5g/kg/day.””””® However, 1.6g/kg/day-
2.2 g/kg/day would seem to be a superior target for
maximizing muscle anabolism in combination with
structured exercise®" while covering elevated needs dur-
ing acute or chronic illness””””®*—thereby potentially
minimizing catabolism with advancing age. Per-meal
protein intake is optimized at approximately 0.4 g/kg-
0.6 g/kg in older individuals,'™”" consumed at least 3-4
times through the span of the day to reach these recom-
mended daily totals. Hypocaloric conditions compro-
mise lean mass preservation and necessitate higher
protein intakes."*> A recent review by Hector and
Phillips® examined the needs of elite athletes in hypo-
caloric conditions. Dietary caloric restriction in this
population includes “making weight” for weight class—
based sports, improving power-to-weight ratio, and im-
proving body composition in aesthetic sports. It was
concluded that an appropriate range of protein intake
for athletes in hypocaloric conditions is 1.6 g/kg-2.4g/
kg. In addition to purposefully hypocaloric
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interventions to alleviate obesity, older individuals may
also be prone to sustaining inadvertently hypocaloric
conditions. For example, Yeung et al'** found that
more than half of the individuals referred to geriatric
outpatient mobility clinics had energy and/or protein
deficits. Supplementation is a viable tactic in the battle
to preserve anabolic capacity. Potentially beneficial
agents for this purpose that have been prolifically inves-
tigated include leucine, EAA, creatine, vitaminD, n-3
PUFA, and HMB. Table 1 provides a synopsis of recom-
mendations for nutrient intake and supplementation in
an older population to stave off anabolic
resistance.15,77,78,81,83,85,110,112,116,117,125,129,134,135

In addition to its synergy with hyperaminoacide-
mia for maximizing net protein balance,'*> resistance
training is more effective than endurance training at
stimulating myofibrillar protein synthesis."*® A physi-
cally active lifestyle that regularly challenges the muscu-
loskeletal system should include a focus on maintaining
favorable levels of lean and fat mass. Obesity can

1
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. . 49,56,57 s
exacerbate anabolic resistance, so the effective-

ness of nutrition and exercise for mitigating anabolic
resistance is enhanced when keeping adiposity under
control.

Figure 1 provides the conceptual framework of the
integral tactics for preventing and mitigating anabolic
resistance. Ideally, all 3 interlocking components would
operate concurrently to optimize outcomes.
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