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sizes, as well as diffuse outcomes, very few of which 
have included older adults. Prospective studies 
that are appropriately designed to interrogate exer-
cise response variation in key outcomes identified 
a priori and inclusive of individuals over the age of 
70 are long overdue. Understanding the underlying 
intrinsic (e.g., genetics and epigenetics) and extrinsic 
(e.g., medication use, diet, chronic disease) factors 
that determine robust versus poor responses to vari-
ous exercise factors will be used to improve exercise 
prescription to target the pillars of aging and optimize  

Abstract Exercise is a cornerstone of preventive 
medicine and a promising strategy to intervene on 
the biology of aging. Variation in the response to 
exercise is a widely accepted concept that dates back 
to the 1980s with classic genetic studies identify-
ing sequence variations as modifiers of the  VO2max 
response to training. Since that time, the literature 
of exercise response variance has been populated 
with retrospective analyses of existing datasets that 
are limited by a lack of statistical power from tech-
nical error of the measurements and small sample  
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the clinical efficacy of exercise training in older 
adults. This review summarizes the proceedings of the 
NIA-sponsored workshop entitled, “Understanding 
Heterogeneity of Responses to, and Optimizing Clini-
cal Efficacy of, Exercise Training in Older Adults” and 
highlights the importance and current state of exer-
cise response variation research, particularly in older 
adults, prevailing challenges, and future directions.
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Introduction

Aging is the greatest risk factor for an overwhelm-
ing majority of chronic diseases and geriatric syn-
dromes. The conventional view that the aging process 
is not modifiable is being replaced by the Geroscience 
Hypothesis, which posits that biological aging per se is 
receptive to intervention [1]. A current and unmet need 
in the field is defining therapeutic strategies that effec-
tively intervene on the negative consequences of aging. 
Exercise is one of the most promising interventions to 
directly counter the biology of aging, delay physiologi-
cal decline, and increase health span. A key oppor-
tunity for understanding how to best use exercise to 
improve health in older adults is to identify the under-
lying factors that contribute to variation in responsive-
ness to exercise across a variety of clinically relevant 
endpoints. This information will enable more precise 
and efficacious exercise prescriptions to optimize the 
clinical efficacy of exercise training in older adults.

This review summarizes discussions from the 
workshop entitled, “Understanding Heterogeneity of 

Responses to, and Optimizing Clinical Efficacy of, 
Exercise Training in Older Adults: NIH NIA Work-
shop Summary,” which was held virtually on April 
7–8, 2022. The primary goal of this workshop was to 
identify significant modulators, mechanisms, and bio-
markers that explain exercise response variation in end-
points that are clinically relevant for older adults. Herein, 
we summarize evidence for factors that impact exercise 
response variation on clinical outcomes modifiable by 
exercise training including (A) muscular strength, hyper-
trophy, and physical function; (B) vascular function and 
cardiorespiratory fitness; (C) metabolic health, such as 
glycemic control, body weight, and gut microbiome; 
and (D) brain, sleep, and cognitive outcomes (Fig.  1). 
We identify key research gaps and transdisciplinary 
approaches for understanding intrinsic and extrinsic fac-
tors that underlie variations in exercise response, particu-
larly in older adults. For example, it may be possible to 
identify those who are more likely to have poor physio-
logic responses to an exercise intervention. We may also 
learn what factors underlie better responses to exercise; 
and the extent to which these factors are modifiable may 
improve clinical efficacy of the exercise. Another impor-
tant aspect for consideration in research on exercise 
response variation is clinical trial design. For example, 
the field of personalized medicine uses study designs 
other than randomized controlled trials to address indi-
vidual response variation, and these approaches may be 
relevant for optimizing clinical efficacy of exercise train-
ing interventions in a heterogenous population, such as 
older adults (Fig. 2). Ultimately, gaining this knowledge 
will support our goal of improving the efficacy of exer-
cise prescription for all older adults by countering bio-
logical aging and increasing health span.
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Heterogeneity in biological aging

Numerous conditions and diseases are associated 
with the biology of aging, inclusive of but not lim-
ited to musculoskeletal conditions and cardio-met-
abolic dysfunction. As the obesity epidemic coin-
cides with aging, increased vulnerability to cancers, 
neurodegeneration, and cardiovascular dysfunction, 

as well as frailty and disability, is also on the rise. 
The underlying molecular changes that occur during 
aging are commonly summarized into the following 
seven pillars: (1) changes in adaptation to stress, (2) 
inflammation, (3) macromolecular damage, (4) meta-
bolic dysregulation, (5) proteostasis, (6) stem cell 
regeneration, and (7) epigenetic drift [2]. A current 
unmet public health need is identifying interventional 

Fig. 1  Schematic sum-
marizing factors identified 
by the NIH NIA Workshop 
that contribute to exer-
cise response variation in 
outcomes clinically relevant 
for older adults. Water-
fall plot is a theoretical 
depiction of summary data 
from a controlled exercise 
training study. Each bar 
represents the delta (pre- to 
post-exercise training) from 
individual participants for a 
clinically relevant outcome 
modified by exercise 
training, and dashed lines 
represent technical error
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strategies that delay the onset of these conditions by 
directly targeting the pillars of aging. A challenging 
factor, however, is that the biology of aging itself is 
heterogeneous. Thus, the clinical efficacy of exercise 
training in older adults must be interpreted within the 
context of biological aging heterogeneity.

Physiological adaptation to chronic exercise 
improves several age-related health outcomes, high-
lighting the probability that exercise itself positivity 
impacts the fundamental biology of aging. For exam-
ple, exercise profoundly impacts the musculoskeletal, 
cardiovascular, metabolic, cognitive, immune, kidney, 
and pulmonary systems. Exercise also beneficially 
impacts age-related DNA damage, mitochondrial dys-
function, proteotoxic stress, and inflammation by pre-
venting senescence, facilitating cell clearance, reducing 
DNA damage, and improving mitochondrial function 
[3, 4]. Exercise and physical activity improve endur-
ance, strength, balance, and flexibility, and are therefore 

well-accepted strategies to promote healthy aging. The 
crux of this issue, and the impetus for convening this 
NIA Workshop, is that while exercise has been consist-
ently shown to impart the aforementioned improve-
ments in numerous aspects of health—not all individu-
als reap benefits from exercise in an equivalent manner. 
Moreover, how the confluence of various clinical and 
biologic inter-personal factors converges to influence 
these outcomes is, at present, poorly understood. 
Thus, an improved understanding of the causes of, and 
potential therapeutic strategies to overcome, exercise 
response heterogeneity is an urgent research need with 
important implications for impacting public health.

Exercise response variation

Individual response variation to a given dose of 
exercise within studies was reported in the scientific 

Fig. 2  Summary of four (4) alternative study design strategies 
identified by the NIH NIA Workshop. A Pooled randomized 
controlled trials. B Multiphase optimization strategy (MOST). 
C Micro-randomized and SMART trials. D Personalized 

N-of-1 trials. These study designs may be adapted by research-
ers to better understand exercise response variation in aging 
populations
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literature nearly 40 years ago [5–10]. As a result, the 
Health, Risk Factors, Exercise Training, and Genet-
ics (HERITAGE) Family Study sought to address the 
genetic contributions of changes in cardiorespiratory 
fitness  (VO2max) in response to a standardized exer-
cise training program. The most recent estimates sug-
gest that interindividual variation in  VO2max ranges 
from − 4.7 to 47.8%. Moreover, the largest contrib-
uting factor to this variation was genetic heritability, 
explaining 47% [11]. In addition to heritability, other 
factors influencing the change in  VO2max following 
exercise training response included baseline  VO2max, 
age, sex, weight, and ethnicity [11]. In older adults, 
exercise positively impacts numerous clinically rel-
evant outcomes in older adults by reducing fall risk, 
cardiovascular disease, and death. Since HERIT-
AGE, several additional intrinsic (non-modifiable) 
and extrinsic (modifiable) factors that contribute 
to exercise response variation have been identified 
[12]. Understanding how these factors interact with 
the biology of aging will enable the optimization of 
clinical exercise prescriptions for older adults in the 
future.

Differences in the exercise stimulus also contrib-
ute to exercise response variation. Factors such as 
exercise mode, type, intensity, duration, time of day, 
and length of intervention influence expected adap-
tation responses. This point is further highlighted by 
a previous review summarizing research strategies 
to increase individualization of exercise prescrip-
tion [13]. Another factor that impacts the magnitude 
of expected exercise adaptations is the central goal 
of a research study and recognizing that an improve-
ment (or lack thereof) in the intended outcome may 
not equal a response in another outcome [12, 14]. For 
example, efficacy trials seek to determine whether an 
intervention produces the expected result in ideal cir-
cumstances. These trials use tightly controlled inter-
ventions, strict compliance criteria, and narrow inclu-
sion/exclusion criteria. In contrast, effectiveness trials 
are more pragmatic, and commonly accept trade-offs 
between strict experimental control for real-world 
applicability and generalizability. Another aspect that 
is crucial to setting expectations for the magnitude of 
change induced by exercise is behavioral factors out-
side of a structured intervention. This may include, 
but is not limited to, how structured exercise impacts 
physical activity and sedentary behavior outside of 
interventions, the timing of meals and exercise, as 

well as duration and quality of sleep [15]. Further-
more, the selected research outcome of interest also 
contributes to response variation both within [11] and 
between studies.

Experimentation itself contributes to variation in 
measured outcomes. Measurement error is the varia-
tion of the measurement or methodology itself; thus, 
a meaningful biological change must exceed meas-
urement error to be detected. Technical error adds 
another layer of interpretive complication, combin-
ing both measurement error and day-to-day variation 
[16]. Measurement and technical variation occur at 
random and, realistically, are difficult to avoid in real-
world experimentation [17]. In the past, researchers 
have used different approaches for interpreting mean-
ingful biological signals against experimental error, 
and this has led to inconsistences in the interpretation 
of biological trainability [16, 18, 19]. At present, there 
is no consensus on the “ideal” analytical approach to 
studying exercise response variation which is a criti-
cally unmet need that must be addressed.

Knowledge gaps in aging and exercise response 
variation

The Molecular Transducers of Physical Activity 
Consortium (MoTrPAC) was designed to interrogate 
exercise response variation at the molecular level in 
healthy adults and children and is currently under-
way. While these data will shed novel insight into 
the exercise response variation through an -omics 
lens, MoTrPAC will not comprehensively assess 
clinical phenotyping data beyond muscular strength, 
 VO2max, and body composition [20], leaving several 
knowledge gaps that need to be addressed in future 
work—particularly understanding how exercise may 
be used to intervene on the pillars of aging. Impor-
tantly, the degree to which exercise training adapta-
tions are affected by the type and extent of age-related 
damage is unknown and, thus, several questions arise. 
How do different forms of age-related damage con-
tribute to exercise response variation? What is the 
critical type of damage that is altering the health and 
function of these different tissues and the responsive-
ness to exercise? Is it the type, extent, or magnitude 
of age-related damage that is contributing to varia-
tion? What are the critical features that impact exer-
cise responsiveness? How does the biology of aging 
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influence the ability of cells to mediate exercise adap-
tations? Do differences in daily physical activity and 
sedentary behavior habits prior to the exercise inter-
vention impact exercise adaptations? In addition, 
defining aging cut-offs and aligning these cut-offs 
with when the biology of aging is detectable remains 
challenging. Furthermore, fundamental questions 
such as the role of ethnicity, sex, and hormonal status 
are poorly understood. In addition to aging biology 
itself, there is evidence for several factors that con-
tribute to exercise response variation. The following 
sections summarize the evidence provided by NIH 
NIA Workshop presenters on factors that contribute 
to exercise response variation in outcomes clinically 
relevant for older adults, followed by key knowledge 
gaps.

Muscular strength, hypertrophy, and physical 
function

Aging is associated with declines in muscle mass, 
strength, and physical function, as well as increases 
in major mobility disability (MMD). Exercise train-
ing benefits older adults by directly targeting these 
age-associated changes. For example, progressive 
resistance training (PRT) increases muscle mass, fiber 
size, and strength [21, 22]. Similarly, structured mod-
erate intensity, multi-modal physical activity reduces 
MMD in older adults at risk for disability [23]. Pre-
vious investigations of PRT [24] and multi-modal 
physical activity [25] have shown individual response 
variation, and the use of concurrent pharmacotherapy 
may be a contributing factor. Pharmacotherapy is 
often part of the established prevention or treatment 
strategy for several age-related diseases. For example, 
prescription trends for metformin, statins, and antihy-
pertensives are on the order of millions, each reach-
ing the top 10 most common prescriptions in 2019 
[26]. Routine pharmacotherapy alters the cellular 
environment, and this may either amplify or blunt the 
beneficial adaptations to exercise training.

Metformin and statins alter progressive resistance 
exercise training adaptations in older adults

Exercise response variation to resistance training has 
been observed, including some poor responders, and 
this may be related to age-associated increases in 
muscle-specific inflammation [27]. Metformin is the 

first-line therapy for type 2 diabetes (T2D) prevention 
and is one of the most commonly prescribed drugs 
worldwide [28]. Metformin alters the cellular envi-
ronment by promoting the anti-inflammatory actions 
of macrophages [29, 30], as well as inhibits the activ-
ity of parts of the electron transport system [31–33]. 
The MASTERS trial was designed to evaluate if 
metformin augments the response to PRT by reduc-
ing age-associated muscle inflammation in a cohort 
of adults aged 65 years and older [34]. The primary 
finding of the MASTERS trial was that metformin 
negatively impacted the exercise-induced increases 
in body mass and leg muscle mass, compared to 
placebo. Deeper molecular analyses revealed that, 
although metformin induced the expected changes 
in the macrophage environment, strength adaptions 
were blunted by metformin. Further investigation into 
combination pharmacotherapy points towards addi-
tional interactions with statins: participants on either 
metformin or statins alone tended to gain less muscle 
size, whereas those on the combination of metformin 
and statins gained nearly as much muscle mass as the 
placebo group. These muscular gains were associated 
with increased M2 macrophage abundance, suggest-
ing inflammatory status contributes to physiological 
adaptations to PRT [35]. Overall, the results from the 
MASTERS trial contribute to our understanding the 
exercise response variation occurs in outcomes clini-
cally relevant for older adults: muscular strength and 
hypertrophy.

Statins blunt exercise capacity

Statins are commonly prescribed to reduce cardio-
vascular disease (CVD) risk following a major event 
[36], and are gaining attention as a primary preven-
tion tool. However, the use of statins in disease-free 
populations remains controversial due to several asso-
ciated negative side effects, including pain, exhaus-
tion, fatigability, muscle damage, myopathy and inju-
ries, mitochondrial abnormalities, insulin resistance, 
and increased T2D risk [37, 38]. A controlled exer-
cise study found that statins blocked exercise adapta-
tion in previously sedentary individuals, assessed as 
changes in absolute and relative  VO2 max, compared 
to an exercise only group [39]. Deeper analysis of 
skeletal muscle biopsy tissue from these participants 
showed that statins blunted improvements in mito-
chondrial content (citrate synthase), compared to 
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the exercise only group that increased by 13%. Find-
ings from preclinical studies on the combined use of 
statins and exercise are consistent with this human 
trial. For example, in animal models, atorvastatin 
blunted exercise training adaptations (assessed as 
distance to exhaustion). Tissue analysis showed that 
statins blunted improvements in skeletal muscle mito-
chondrial respiration [40, 41]. These findings raise 
the question of compatibility between statins and 
physical fitness, and there is some evidence that they 
can co-exist. Cross-sectional studies in older adults 
examining the intersection of fitness levels and statin 
use found that those on statins with the highest fitness 
also had the greatest level of protection against early 
mortality, whereas those not on statins with the low-
est fitness had the greatest level of risk [42].

Anti‑hypertensive medications impact late life 
physical function

Physical exercise is commonly considered the stand-
ard intervention for improving physical function 
among older adults. However, the extent of functional 
benefits from exercise is variable, with many indi-
viduals obtaining sub-optimal benefits despite strong 
adherence to exercise [43]. Thus, exercise appears to 
be a necessary component of treatment regimens to 
prevent age-related loss of physical function, but fur-
ther refinement and personalization in the prescrip-
tion is necessary [44]. Extensive evidence suggests 
that antihypertensive medications—particularly those 
which mediate the renin-angiotensin system (RAS) 
may influence functional outcomes [45]. Thus, the 
choice of first-line antihypertensive medications for 
older adults with hypertension may have an important 
role on functional responses after exercise. Retrospec-
tive analyses from the LIFE Trial showed that partici-
pants on ACE inhibitors (ACEis) may have additional 
benefits: a sample of 424 adults aged 70–85 years on 
ACEis had greater exercise-induced benefits in physi-
cal function compared to those taking other classes of 
hypertensive medications, as well as non-users [46]. 
The ACES trial is an ongoing trial currently evaluat-
ing the potential interactions of first-line antihyper-
tensives with aerobic exercise [47], but future stud-
ies will need to evaluate interactions with resistance 
exercise as there may be differences in the drug-exer-
cise interaction between exercise modes [48]. Taken 
together, there is evidence for interactions between 

exercise training and anti-hypertensive pharmacother-
apy on physical function outcomes, although a mix of 
medication classes complicates interpretation.

Knowledge gaps

Given the widespread use of metformin, statins, and 
anti-hypertensive medications in older adults, the 
depth of knowledge on how exercise and drugs inter-
act to impact muscular and physical function out-
comes, as well as CVD and all-cause mortality risk, 
is severely lacking. Demographics such as age, sex, 
BMI, existing co-morbidities, and other drugs will 
affect hepatic uptake and catabolism (clearance) of 
drugs that are cleared by the liver (statins) or affect 
kidney function for drugs cleared in the urine (met-
formin). Metabolism and clearance of these drugs 
impact exposure of other tissues like skeletal muscle 
that can compromise function. Thus, commonly used 
pharmacotherapies have a high likelihood of con-
tributing to exercise response variation. Studies that 
address the fundamental features of pharmacokinet-
ics, such as dose, duration, type, and time of initia-
tion, are desperately needed, together with clinically 
relevant outcomes for older adults that impact their 
quality of daily life and risk for future disease and 
death. Outcomes such as muscle size (e.g., cross-
sectional area from biopsy, thigh muscle area by 
computed tomography scan, fat free mass by dual 
X-ray absorptiometry), muscular strength, and physi-
cal function outcomes (6-min walk test and the short 
physical performance battery, and assessments of car-
diorespiratory fitness) are critical for maintenance of 
healthy aging, independent living, and overall quality 
of life. In addition to clinical studies, the field needs 
deeper mechanistic and molecular work in preclini-
cal models to better understand how exercise interacts 
with metformin, statins, and anti-hypertensive medi-
cations that can be translated into more refined pro-
spective clinical trial in older adults.

Vascular function and cardiorespiratory fitness

Advancing age is the greatest risk factor for CVD 
[49]. Age-associated changes in the vasculature, such 
as arterial stiffening and endothelial dysfunction, are 
likely physiological drivers of CVD [50]. Cardiores-
piratory fitness is another relevant outcome, as it is 
related to mortality, risk for several chronic disease 
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conditions, and is negatively impacted by age-asso-
ciated declines in vascular function. Regular exer-
cise training improves both vascular function [50] 
and cardiorespiratory fitness at any age, and is thus 
a key therapeutic strategy to reduce CVD risk. While 
vascular health and cardiorespiratory fitness are both 
improved by exercise, the magnitude of exercise-
induced adaptations varies by sex, age, as well as co-
existence of age-related diseases such as T2D.

Age‑related changes in sex hormones impact 
exercise‑induced improvements in vascular 
endothelial function

Sex- and age-related changes in sex hormones modu-
late vascular endothelial adaptations to exercise train-
ing. Studies in humans show that regular endurance 
exercise enhances endothelial function assessed via 
brachial artery flow-mediated dilation (FMD; macro-
vascular function) and forearm blood flow response to 
acetylcholine (microvascular function) in older men, 
however, similar training benefits are diminished or 
absent in postmenopausal women [50]. Because sex 
hormones modulate vascular aging, sex-related dif-
ferences in endothelial adaptations to endurance exer-
cise may be related to the marked, relatively abrupt 
reduction in circulating estrogens with menopause 
in women, whereas a parallel change is not observed 
in men. In previously sedentary postmenopausal 
women, endothelial function (measured by FMD) 
increased following moderate intensity exercise 
training in women treated with estrogen but not in 
women treated with placebo [50]. Thus, estrogen may 
“recouple” or reconnect the exercise signal to permit 
endothelial adaptations to exercise training.

Chronic endurance exercise training benefits 
endothelial function by enhancing antioxidant 
defense systems, effectively lowering reactive oxygen 
species (ROS) bioactivity, and increasing resistance 
to oxidative damage in the vasculature. The favora-
ble effects of endurance exercise training on lowering 
ROS production and vascular oxidative stress appear 
to be sustained with aging, at least in men. Infusion 
of vitamin C—a potent antioxidant—improved FMD 
in untrained older men but had no effect in exercise-
trained older men, suggesting that exercise train-
ing benefits endothelial function by mitigating the 
effects of oxidative stress by reducing excessive ROS 
production and its tonic suppression of endothelial 

function [51]. On the other hand, vitamin C infusion 
increases FMD in estrogen-deficient postmenopausal 
women regardless of training status. In contrast, there 
is no effect of vitamin C infusion on endothelial func-
tion following endurance exercise training in post-
menopausal women treated with concurrent estro-
gen. These data suggest that in the absence of high 
circulating estrogen, endurance exercise training has 
no obvious effect on vascular oxidative stress and its 
tonic suppression of endothelial function in postmen-
opausal women, whereas in the presence of high cir-
culating estrogen, oxidative-stress related suppression 
of endothelial function is ameliorated with endurance 
exercise training [52]. Taken together, these studies 
suggest that endurance exercise enhances endothe-
lial function in older men through improvements in 
antioxidant defenses, reduced ROS, and increased 
resistance to oxidative stress, whereas in postmeno-
pausal women declines in estrogen during meno-
pause reduce vascular adaptations to endurance exer-
cise training, possibly due to a failure of antioxidant 
defenses to adapt to endurance exercise and mitigate 
vascular oxidative stress. This is striking, as the ben-
efits of exercise on the vascular system are critical to 
overall health benefits of exercise. These data sug-
gest that our expectations of exercise adaptations, 
particularly as it relates to vascular outcomes in older 
adults, should consider changes in sex hormones and 
oxidative stress when interpreting exercise response 
variation.

Type 2 diabetes is associated with reduced 
cardiorespiratory fitness

The presence of T2D itself may blunt the beneficial 
adaptations of exercise training to improve cardiores-
piratory fitness [53]. Cross-sectional studies show that 
both adults [54] and youth [55] with diagnosed T2D 
have a robust decrease in functional exercise capacity. 
While the underlying mechanisms are still unknown, 
nitric oxide (NO) and nitric oxide synthase (NOS) 
have been implicated to play a role given that these 
molecules dually stimulate both mitochondrial bio-
genesis and dynamics in skeletal muscle while also 
modulating endothelial function in the vascular sys-
tem [56]. Studies in preclinical models suggest that 
modulating endothelial NOS restores exercise train-
ing adaptations. For example, saxagliptin, an inhibi-
tor of DPP4, a circulating enzyme that catabolizes 
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glucagon-like peptide 1 (GLP-1), improved exercise-
induced adaptations in endurance capacity in insu-
lin-resistant rats compared to a no treatment control 
group [57].

Translational work in humans suggest that reduced 
oxygenated perfusion in cardiac and skeletal muscle 
tissue [53] underlies exercise intolerance that is asso-
ciated with T2D. For example, cross-sectional stud-
ies in women with T2D find that participants main-
tain cardiac output but exhibit increased vascular 
resistance putatively leading to reduced blood flow to 
working skeletal muscles during exercise [58]. Fur-
thermore, studies using magnetic resonance spectros-
copy show that participants with T2D have impaired 
in  vivo mitochondrial capacity, assessed as slower 
phosphocreatine recovery and adenosine triphosphate 
phosphate (ATP) production [59–61]. Interestingly, 
in vitro assessments of skeletal muscle mitochondrial 
function were not impaired, and this implicates a role 
for reduced skeletal muscle tissue perfusion as a char-
acteristic of T2D [61] that also contributes to exercise 
impairments. Sex may also be relevant for phenotypic 
differences, as women with T2D have lower insulin 
sensitivity than men even after correcting for body 
mass [62]. Furthermore, women with T2D, as well as 
obesity, have lower-end diastolic and systolic cardiac 
size and function [58].

Knowledge gaps

To date, there are limited data on the role of estro-
gens or other hormones, including testosterone, on 
cardiovascular responses to exercise training in both 
men and women, respectively. At present, estrogen 
treatment is not medically indicated for CVD pre-
vention in postmenopausal women. Learning more 
about the influence of age-related changes in sex 
hormones may inform strategies that directly target 
the pillars of aging and enable more people to ben-
efit from the positive effects of exercise. Specifically 
regarding T2D and impaired adaptations to exercise, 
there are several unanswered questions. It is unclear 
why women have worse insulin resistance relative to 
men, and how T2D status and duration may impact 
these sex differences. An emerging hypothesis is 
that ambient hyperglycemia blunts favorable exer-
cise adaptations in cardiometabolic outcomes [63]. 
Further research efforts should focus on testing if 
exercise can overcome microvascular dysfunction 

in those with T2D or if intensive pharmacologi-
cal treatment to lower hyperglycemia (insulin for 
example) prior to exercise interventions improves 
outcomes.

Metabolic homeostasis

Metabolic dysfunction is one of the pillars of aging 
[2], and both regular exercise and regular inactivity 
directly impact this pillar. Exercise is a well-accepted 
strategy to improve glycemic control in people with 
T2D [64]. Furthermore, lifestyle modifications, 
including exercise, is the frontline treatment for T2D. 
There is evidence that epigenomics, circadian rhythm, 
exercise, and meal timing, as well as the gut micro-
biome, contribute to exercise response variation in 
outcomes that drive metabolic health. The following 
section summarizes evidence indicating  that these 
factors contribute to exercise response variation out-
comes, including  HbA1C, free-living glycemic con-
trol, peripheral insulin sensitivity, and other indices 
of cardiometabolic health.

Epigenomics underpin exercise response variation 
in type 2 diabetes risk factors

Both early and late life stimuli are capable of creat-
ing a metabolic environment that leads to epigenomic 
programming or “memory” in tissues. One recent 
example of this is the observation that low birth-
weight infants have higher liver fat and earlier onset 
of prediabetes compared to normal birth weight 
counterparts [65]. These findings suggest that dif-
ferences in metabolic health across various stages 
of life have residual effects. For example, exercise 
response variation in a myriad of clinically relevant 
metabolic outcomes in individuals with T2D has been 
linked to baseline differences in transcriptional pro-
files in skeletal muscle, whereby super responders 
had 70% more upregulation of mitochondrial-related 
gene expression compared to poor responders [66]. In 
this case, super responders vs. poor responders were 
distinguished by changes in  HbA1C, percent body 
fat, BMI, and skeletal muscle mitochondrial DNA in 
response to a 9-month supervised exercise interven-
tion. Myogenetic progenitor cells retain the metabolic 
phenotype of the donors enabling in vitro investiga-
tions of cell autonomous contributions to exercise 
response variation. In this model, baseline differences 
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in epigenomic profiles are linked to exercise response 
variation in clinical risk factors in individuals with 
T2D [12]. Taken together, these studies highlight 
the importance of considering how the metabolic 
milieu across the lifespan contributes to epigenomic 
programming of skeletal muscle (and other tissues), 
which in turn impact the magnitude of adaptation to 
standardized exercise interventions.

Knowledge gaps

The role of epigenomics is not well understood. 
There is a critical need for larger cohorts, as well as 
more robust epigenomic profiling, such as chroma-
tin accessibility and histone modifications. Another 
key knowledge gap is addressing the rate of response 
to an exercise intervention. In other words, the time 
course of adaptations to exercise training may dif-
fer between individuals, and this variation is missed 
by study designs that use single timepoint post-test 
assessments (e.g., only one post-test assessment after 
12  weeks of controlled exercise training). Between 
and within-subject variation in  VO2max rate of 
response  to controlled exercise training has been 
demonstrated  in healthy, middle aged-adults using a 
study design with longitudinal  VO2max assessments, 
in 3-month increments, across a 1-year [67]. Rate of 
response variation is an established concept in the 
weight loss field. For example, fast and slow respond-
ers during weight loss interventions have been pre-
viously identified and may be caused by genetic dif-
ferences [68, 69]. To further complicate matters, the 
variation of rate of response may differ by outcome. 
For example, exercise adaptation rates to  VO2max 
may differ compared to a glycemic outcome, such 
as  HbA1C. In reference to exercise training in older 
adults, this central question remains: does age-related 
damaged contribute to a slower exercise adaptation? 
Further studies should seek to address this, as well as 
to determine broader role of aging biology itself, as a 
contributor to exercise response variation in clinically 
relevant outcomes.

Time‑of‑day of exercise modifies the metabolic 
responses to exercise

Circadian clock mechanisms exist in virtually every 
cell, functioning as endogenous molecular timekeep-
ers by regulating a daily program of gene expression. 

A consequence of the intrinsic clock mechanism is 
that the response to a physiological stimulus varies 
depending on the time of day. This has been shown 
with exercise in preclinical models, in which the tran-
scriptional response to a single bout of running elic-
ited diverse responses [70, 71]. Furthermore, acute 
exercise in rodent models at either the early active 
phase or late active phase differentially impacts the 
skeletal muscle metabolome, as well as systemic 
energy expenditure [71]. Exercise and nutrition inter-
ventions may also be synchronized to circadian tim-
ing for optimal free-living blood glucose control. A 
controlled exercise study in men found that the same 
regimen of high intensity interval training was more 
efficacious for controlling free-living postprandial 
glucose when performed in the afternoon, compared 
to the morning [72]. These findings complement a 
retrospective analysis that compared morning vs. 
afternoon exercise training for 12  weeks in men at 
risk for T2D. These comparisons showed that those 
who completed exercise training in the afternoon had 
13% larger improvements in glucose infusion rates, 
compared to morning exercisers [73]. In addition, 
afternoon exercise training also led to greater declines 
in fat mass compared to morning exercise training. 
Taken together, these early studies point to circa-
dian biology and exercise timing as factors that con-
tribute to exercise response variability in metabolic 
health. The role of meal timing in relation to exercise 
is likely pertinent, and future studies should consider 
various exercise and meal timing schemes.

Knowledge gaps

Despite the pervasive nature of the circadian sys-
tem, controlled studies in chronobiology and exercise 
outcomes are lacking. Fundamental questions such 
as the impact of age, sex, and ethnicity on circadian 
clocks, circadian phase response in muscle and other 
peripheral tissues, and clock output (downstream 
changes in gene expression) are currently unknown. 
To better understand the muscle transcriptome, more 
experiments using women, different ethnicities, ages, 
and stages of pathogenesis, are needed. There is lim-
ited information on circadian variation in proteom-
ics, post-translational modifications, and metabo-
lomics, highlighting a need for interrogative -omics 
approaches in exercise circadian biology. The major-
ity of studies to date focus on transcriptomic analysis 
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of muscle, yet several organs are involved in meta-
bolic homeostasis. We do not yet understand how pro-
teins change in a diurnal manner, or how proteins are 
modified throughout the day. Furthermore, the role 
of metabolic disease in altering metabolic rhythms 
is unknown. The internal communication between 
circadian clocks across peripheral tissues (e.g., circa-
dian alignment between the liver and muscle clocks) 
may also be relevant in context of metabolic function. 
Taken together, the optimal exercise intervention for 
metabolic health is unknown. Acute vs. chronic exer-
cise training, training in alignment with biological 
rhythms to maximize adaptations, as well as synchro-
nizing exercise with nutritional status to amplify or 
blunt metabolic adaptations, are topics that have not 
been addressed.

Nutrient timing may modulate the cardiometabolic 
effects of exercise training

Nutrient timing and sensing may contribute to the 
variation in exercise response, particularly as it relates 
to outcomes relevant for cardiometabolic health. The 
field of human aging research has long recognized 
nutrition as an important modulator of the aging pro-
cess. The Comprehensive Assessment of Long-Term 
Effects of Reducing Intake of Energy (CALERIE) 
Study showed that ~ 15% caloric restriction, with-
out malnutrition, slows metabolic rate in non-obese 
adults and improves several aging-related outcomes 
[74]. Nutrient timing is now emerging as a novel 
dietary aspect of longevity. Preclinical models show 
that at least 40% of the life-extending benefits of calo-
rie restriction are instead due to the extended fasting 
duration rather than energy restriction per se and eat-
ing out of alignment with circadian rhythms attenu-
ates these effects [75, 76]. This concept of nutrient 
timing is complex and there are several aspects to 
be considered, such as the fasting duration (e.g., pre- 
versus postprandial state, number of hours of fasting), 
time-of-day of food intake, consistency of mealtimes, 
nutrient composition (i.e., macronutrients, glycemic 
index), and meal frequency. In addition, how these 
nutrition/energy intake factors relate to the timing 
of exercise is also critical. Preliminary data suggest 
that exercising in the pre-prandial state before break-
fast increases fat oxidation, improves glucose toler-
ance, and may facilitate weight loss in adults without 
type 2 diabetes [77–79]. Further, the fasting duration 

impacts substrate metabolism; for example, fasting 
for 14–20  h increases whole body fatty acid oxida-
tion and hepatic gluconeogenesis [80]. Since fast-
ing duration alters substrate availability and myriad 
downstream pathways, the number of hours of fasting 
could affect exercise responsiveness. It is currently 
unknown whether individuals who are less metaboli-
cally flexible (such as those with obesity) receive the 
same benefits for the same fasting duration as meta-
bolically flexible individuals. The time-of-day of 
food intake and individual circadian rhythms may 
also influence exercise response. Front-loading calo-
ries to earlier in the day has been shown to improve 
weight loss and indices of cardiometabolic health, 
including insulin sensitivity [81, 82]. This is likely 
explained by diurnal rhythms in metabolism, par-
ticularly in glycemic control and the thermic effect of 
food, which tend to peak in the mid to late morning in 
most individuals [83]. However, there is heterogene-
ity in the amplitude and phases of circadian rhythms 
and other diurnal rhythms, which could lead to het-
erogeneity in the optimal timing of both food intake 
and exercise. In particular, adults with obesity may 
have weaker circadian rhythms [84], which has been 
linked to slower weight loss [85]. Consistency in the 
timing of food intake (regular or irregular) may also 
contribute to intervention variation. A retrospective 
analysis of CALERIE found that consistent meal tim-
ing was associated with better weight loss [86]. Since 
exercise also entrains circadian rhythms, consistency 
in the timing of exercise may influence outcomes rel-
evant to aging. Finally, meal frequency and the timing 
of macronutrient intake across the day (e.g., the time 
of day when one consumes carbohydrates or proteins) 
may affect health outcomes; however, less is known 
about these topics. There are parallel factors with 
exercise; more specifically, exercise frequency and 
the timing of types of different exercise modalities 
(i.e., resistance vs. aerobic training) may account for 
some of the heterogeneity in exercise response.

Knowledge gaps

It is unclear which aspects of nutrient and/or exercise 
timing have the biggest impact on cardiometabolic 
health and what are the underlying molecular sens-
ing and physiological mechanisms. It is critically 
important to uncover which aspects of this biologi-
cal heterogeneity are malleable and modifiable (e.g., 
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behavioral preferences in timing) and which are not 
(e.g., circadian rhythms, genetic factors). Because of 
the complexity of these types of studies, the timing 
of phenotypic assessments and biological sampling 
(particularly the fasting duration and the time of day) 
must be carefully considered when drawing conclu-
sions from these investigations.

Gut microbiome

The gut is inhabited by trillions of bacteria and other 
microorganisms which are increasingly recognized 
as significant contributors to human health. Distur-
bances to the gut microbiota (i.e., dysbiosis) have 
been associated with a wide variety of age-related 
health conditions including bowel, pulmonary, neu-
rologic, skeletal, metabolic, and autoimmune diseases 
[87–89]. In addition, shifts in the gut microbiota have 
been linked mechanistically to physiological hall-
marks of aging, including chronic inflammation [90], 
genomic instability [91], mitochondrial dysfunc-
tion [92], reduced proteostasis [93], and epigenomic 
modifications [91]. Thus, the gut microbiome may be 
an important target for addressing and understanding 
age-related conditions.

Evidence indicates that advanced age is associ-
ated with robust shifts to the microbial composition 
and function [94]. For example, a recent study indi-
cated that aging individuals who maintain high levels 
of the taxa Bacteroides sp. into later life suffer from 
increased rates of physical frailty and death [95]. 
Conversely, the same study reported that individuals 
undergoing “healthy aging” (determined by physi-
cal function measures—e.g., walking speed) possess 
unique “microbiome signatures” that are linked to 
health benefits [95]. In fact, this measure of micro-
bial uniqueness was found to be a strong, independent 
predictor of faster walking speed and lower indices of 
physical frailty [95], indicating that the microbiome 
likely plays an intricate role in modifying physical 
function during aging.

Exercise itself is also a potential modifier to the 
microbiome during aging. While no studies have thor-
oughly addressed how exercise modifies the microbi-
ome in an aged population, data indicate that higher 
physical activity impacts gut microbiome composi-
tion and function in adult populations [96–98]. Data 
have demonstrated that exercise increases the capac-
ity for microbial production of microbial metabolites, 

including short chain fatty acids (SCFAs) [99, 100], 
which have anti-inflammatory, satiety, and insulin-
sensitizing effects [101–103]. This degree of shift in 
microbiota-derived metabolites may have a significant 
impact on metabolic health outcomes, highlighted 
by recent work indicating that exercise-induced 
increases in SCFAs have been mechanistically linked 
to improvements in insulin sensitivity in pre-diabetic 
subjects [100].

The gut microbiota may also be a tool for under-
standing fitness and response variability to exercise 
interventions. For example, studies have shown that 
the composition and metabolic capacity of the micro-
biota is a strong predictor of cardiorespiratory fitness 
 (VO2max) in adults [98]. In addition, shifts in micro-
biota-derived metabolites (SCFAs and GABA) were 
highly predictive of improvements to insulin sensitiv-
ity in pre-diabetic adults that underwent a 12-week 
exercise bout [100]. Meanwhile, other studies have 
shown that obese individuals exhibit blunted shifts 
in fecal SCFA compared to their lean counterparts in 
response to a 6-week aerobic exercise training inter-
vention [96]. Together, these data indicate that the 
gut microbiota is highly individualized and contrib-
utes to response variability to exercise interventions 
in humans.

Knowledge gaps

Can the gut microbiome and its metabolites be used 
as a predictor of healthy aging? Is an “aged microbi-
ome” less resistant (or more) than a “young” micro-
biome? Future studies may consider characteristics 
of the gut microbiota and how it responds to an exer-
cise intervention when trying to understand exercise 
response variability in an aging population.

Brain, cognition, and sleep

Aging results in overall declines in many aspects of 
cognitive function, including episodic memory, exec-
utive function, and processing speed [104]. Aging is 
also linked with an increased risk of various cogni-
tive disorders and neurologic diseases (e.g., Alzhei-
mer’s disease, dementia). Even prior to the onset of 
clinical disease, the rates of cognitive decline in the 
USA are substantial, with an estimated two out of 
three Americans suffering from some level of cog-
nitive impairment at the age of 70 which itself is 
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heterogeneous [105]. Beyond the health and emo-
tional consequences, cognitive decline and neuro-
logical disease incur heavy financial burdens that are 
dealt with by both patients and caregivers. In the USA 
alone, $305 billion in health care costs were spent on 
Alzheimer’s disease alone in 2020 [106]. Thus, it is 
vital for researchers and clinicians to optimize strat-
egies that both prevent and combat age-related cog-
nitive decline in a cost effective and individualized 
manner.

Exercise and higher physical activity levels are 
strongly associated with improved cognitive func-
tion and reduced risk of age-related cognitive decline 
[104]. This is evidenced by controlled clinical tri-
als that have shown that aerobic exercise training 
improves cognitive function in aging populations. For 
example, a 6-month aerobic exercise intervention in 
124 adults between 60 and 75 years of age revealed 
that exercise selectively improved executive memory 
function [107]. Exercise-induced improvements in 
cognition may be related to improved connectiv-
ity within the default mode network (DMN) [108], a 
process that has been evidenced to weaken with age 
[109]. However, research also indicates cognitive ben-
efits with exercise training are highly variable within 
an aging population. While it is clear that exercise has 
widespread effects on brain and cognition, we have a 
poor understanding of the heterogeneity found in both 
the magnitude and timing of response to exercise. 
Numerous factors have been shown to relate to cog-
nitive performance, including age, sex distribution, 
genetic polymorphisms, dietary and sleep patterns, 
intellectual engagement, socioeconomic conditions, 
and early life adversity [110–116]. Thus, prospec-
tive appropriately designed clinical trials are needed 
to understand the underlying factors contributing to 
these variable improvements in cognition in response 
to exercise.

Sleep duration and quality may be one of the best 
predictors of cognitive function during aging. A 
recent meta-analysis revealed that heterogeneity in 
cognitive decline is best explained by variability in 
sleep duration and quality [117]. Interrupted neural 
pathways and morphological changes to brain struc-
ture as a result of sleep deprivation leads to learning 
and memory deficits in aging individuals. Similarly, 
older adults with dementia have more sleep distur-
bances, including shorter sleep duration and frag-
mented sleep [118].

Recently, lower indices of sleep duration and 
quality were strongly implicated in increased risk of 
developing Alzheimer’s disease [119]. Sleep dura-
tion and quality may also impact the efficacy of an 
exercise intervention in improving cognition of older 
adults. Preclinical studies have demonstrated that 
sleep restriction countered the positive effects of 
exercise on memory [120]. Sleep restriction has also 
been shown to limit the beneficial effects of exercise 
on fatigue in cancer patients. In animal models, the 
beneficial effects of exercise in reducing polyp forma-
tion in colorectal cancer model was reversed by sleep 
deprivation [121]. Conversely, other studies show that 
napping after exercise may synergize with sleep to 
promote memory formation [122]. In summary, sleep 
is intricately tied to cognitive function, exercise adap-
tations, and aging biology. Thus, researchers should 
attempt to carefully control for sleep duration and 
quality when investigating exercise response hetero-
geneity in an aging population.

Exercise has widespread benefits on brain and 
cognition, but response variation is high in aged indi-
viduals. Thus, controlling for the extrinsic, environ-
mental factors that are known to regulate cognition 
and brain health are needed to understand the true 
mechanisms underlying the beneficial effects of exer-
cise. To accomplish this, researchers should consider 
the following when designing studies with cognitive 
function as an outcome: (1) aim for larger sample 
sizes that include diverse populations (e.g., race, sex, 
ethnicity); (2) harmonize and carefully report details 
of exercise protocols (e.g., mode, intensity); (3) col-
lect multiple samples longitudinally within subjects; 
and (4) develop systematic reporting methods for fac-
tors (e.g., sleep, nutrition) that are known to affect 
cognitive outcomes. In turn, researchers will be able 
to more effectively and systematically focus on the 
mechanisms by which an aging brain responds to 
exercise.

Knowledge gaps

More work is needed on the experimental interaction 
between exercise and sleep in influencing health and 
several questions remain. For example, to what extent 
is one better off sleeping or restricting sleep in order 
to exercise and what factors mediate heterogeneity in 
the effects of exercise on sleep?
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Alternative study designs

Knowledge gaps regarding exercise response vari-
ation in clinical endpoints are likely due, at least 
in part, to study design challenges. As discussed 
above, technical and measurement error inherent to 
experimentation complicate our ability to realisti-
cally quantify real and meaningful biological varia-
tion. Additionally, studies that can effectively detect 
response variation with adequate power often require 
prohibitively large sample sizes, and often times the 
rate of the response is completely ignored. None-
theless, there are approaches that might partially 
address these issues and thus warrant consideration. 
For example, phenotyping participants at baseline to 
delineate subgroups would enable a priori hypoth-
esis testing related to baseline characteristics of those 
with the most potential to benefit from an exercise 
intervention. Study designs that progress beyond 
the randomized controlled trials are currently being 
implemented, and they may have a place in the study 
exercise response heterogeneity. Below we discuss 
four study design methods that have gained traction 
in the personalized medicine field and thus may be 
adapted in studies assessing exercise response varia-
tion in an aging population.

RCT pooling

Treatment response heterogeneity can be defined 
with four primary components: (1) variation between 
treatments averaged over all patients, (2) variation 
between patients given the same treatment, (3) the 
extent to which the effects of treatments vary from 
patient to patient, or (4) variation over time when the 
same patient is given the same treatment. Addressing 
all the possible sources of heterogeneity is challeng-
ing, and the common approach—subgroup analy-
sis—is usually underpowered and can easily lead to 
misinterpretation of findings. One of the primary ben-
efits of RCT pooling is that researchers can examine 
a broader representation of populations (ethnicity, 
sex, underlying health status) than any one trial might 
offer. RCT pooling also provides more power to 
investigate interaction terms and subgroup variances 
that would be challenging to estimate in a single trial.

Pooling RCTs has major challenges as well. First, 
researchers need access to individual participant 
data from all relevant clinical trials, which is often 

prohibitively burdensome. Also, researchers need 
access to detailed knowledge of each intervention’s 
study design to account for differences across trials. 
This includes knowledge of treatment modalities, 
dose, setting, duration, level of compliance, interven-
tion targets, and the types and characteristics of the 
participants (e.g., appropriate balance of racial or 
ethnic groups and gender) that could be relevant to 
treatment effects. Downstream, “data harmonization” 
represents another challenge. The process of unifying 
disparate data fields, formats, dimensions, and col-
umns into an aligned data set can pose serious chal-
lenges. Variance differences as well as differences in 
outcomes can add to the complexity of harmonizing 
data across RCTs. Assumptions and compromises are 
an unavoidable part of the data harmonization process 
and should be implemented carefully with pooled 
RCTs.

Multiphase optimization strategy (MOST)

MOST is an alternative to the classical approach to 
intervention development and evaluation. The clas-
sical approach emphasizes evaluation of the inter-
vention as a treatment package. By contrast, MOST 
emphasizes building an empirically optimized inter-
vention and only then evaluating it as a package. By 
optimizing an intervention, we mean achieving a stra-
tegic balance of effectiveness, affordability, scalabil-
ity, and efficiency (EASE). MOST relies heavily on 
gathering information about the individual and com-
bined performance of intervention components by 
means of highly efficient optimization trials. Possible 
optimization trial designs include the factorial, frac-
tional factorial, sequential multiple assignment rand-
omized trial (SMART), and micro-randomized trial 
(MRT). The last two are described below in detail. 
One objective of optimization may be to reduce vari-
ability in response to achieve a good outcome for all 
intervention participants. MOST may be used to opti-
mize interventions for different settings.

Micro‑randomization trials (MRTs)

As we move towards precision exercise for an aging 
population, researchers may also consider imple-
menting a micro-randomized trial (MRT). In an 
MRT, interventions are randomly assigned many 
times—often several times per day—over the course 
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of the study period. The timing, randomization prob-
abilities, and the set of allowable interventions in an 
MRT are allowed to depend on a subject’s evolving 
health status and situation. Their health status may be 
comprised of actively collected data such as a brief 
health inventory, passively collected data such as 
location, heart rate variability, or blood glucose. The 
fine granularity of randomization in an MRT allows 
researchers to study a rich set of scientific queries 
such as (1) if, when, and for whom an intervention is 
likely to be effective in the short term; (2) what inter-
vention strategy is optimal for long-term benefit; (3) 
if and how patients become habituated to treatment; 
(4) can short-term surrogates predict long-term out-
comes; and (5) what factors drive a patient to disen-
gage from treatment. While the set of questions which 
might be answered through an MRT is vast, each pre-
sents its own unique methodological, engineering, 
and scientific challenges. MRTs typically focus on 
delivering interventions through an app running on a 
mobile device. Thus, researchers must invest time and 
resources into an app which is intuitive and pleasing 
for the user, does not impose excessive computational 
or memory demands on a user’s device, and provides 
adequate protections for a user’s data. In addition, 
analyzing data from an MRT may require sophisti-
cated statistical methodologies which are only now 
under development.

The sequential multiple assignment randomized trial 
(SMART) trial design

SMARTs are the gold-standard for data collection 
when the goal is evaluation of intervention sequences 
or the development (estimation) of personalized inter-
vention strategies [123–126]. In a SMART, inter-
ventions are randomized at key decision points in a 
patient’s disease progression. SMARTs have been 
applied to estimate personalized intervention strate-
gies for a  wide range of application areas including 
cancer [127, 128], mental health [129–131], HIV/STI 
prevention [132], diabetes [133], education [134], and 
surgery [135]. The set of possible SMART designs 
are as varied as the diseases and disorders they are 
used to study; however, many designs are variations 
of one of the following themes: (R) responder-designs 
in which patients are randomly assigned treatments 
in sequence until a satisfactory response is observed; 
(SU) step-up designs in which low-cost treatments 

are randomly assigned and then escalated to pro-
gressively more costly treatments until a satisfac-
tory response is attained; (SD) step-down designs in 
which a high-cost treatments are randomly assigned 
and then responders are randomly de-escalated to 
less costly treatments. The (R) design reflects the 
trial-and-error which is common in clinical practice 
in which a patient’s treatment is adaptively adjusted. 
The (SU) design is often used in public health inter-
ventions when the goal is to identify if and when a 
patient needs a more expensive treatment. Similarly, 
the (SD) design is used to identify if and when a high-
cost treatment can be discontinued without negatively 
affecting a patient’s outcome.

Personalized (N‑of‑1) trials

Personalized medicine has as a goal to identify and 
provide treatments or interventions that best benefit 
each patient. Randomized controlled trials (RCTs) 
can provide evidence on how groups of patients 
respond to a treatment versus how another group of 
patients respond to a control or to an alternative treat-
ment. However, RCTs do not identify optimal treat-
ments for each individual participant. Moreover, 
many individuals are excluded from RCTs simply 
because they do not meet the RCT inclusion/exclu-
sion criteria. RCTs thus can leave major gaps in 
understanding why individuals respond differently 
to an intervention. Another approach is personalized 
(N-of-1) trials, which are defined as “single-partici-
pant, multiple-time-period, active-comparator crosso-
ver trials that are frequently randomized and can be 
masked.” This type of randomized controlled trial 
has as a primary outcome the identification of the 
statistically superior treatment for one patient, rather 
than a group of patients, in cases where the optimal 
treatment is unknown or unclear. Thus, personal-
ized (N-of-1) trials involve switching treatments over 
time in a defined sequence allowing individual par-
ticipants to identify how well a given treatment works 
for them. The use of personalized (N-of-1) trials does 
require informed selection of treatments, careful 
implementation, rigorous measurement of outcomes, 
and proper use of statistical methods. Well-designed 
personalized (N-of-1) trials assess multiple health 
outcomes of interest—including exercise level—
through a variety of formats, including participant 
self-report, observed protocol adherence, and remote 
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participant monitoring (RPM) devices. Individual 
results must be purposefully summarized to convey 
statistically significant benefits and harms found for 
each cross-over treatment period. Though important 
and informative, personalized N-of-1 trials are not 
without flaws. A major potential criticism for N-of-1 
designs in that they frequently rely on participant 
adherence to data collection and require low levels of 
missing data. Another challenge is the restriction on 
the types of conditions which may be evaluated and 
what types of interventions are used to treat them. 
Conditions that cannot be reliably measured should 
be avoided. The study design must also account for 
any potential treatment carryover effect using planned 
washout periods. So, some types of exercise types 
are ideal to study in a personalized trial (e.g., weight 
training, or HIIT or minimal dose exercise) but other 
exercise types such as completing a marathon are not 
ideal. However, when the course of an exercise regi-
men for an individual participant is uncertain, person-
alized (N-of-1) trials represent an important tool for 
clinicians, researchers, and participants to evaluate 
and identify the most effective exercise intervention 
for an individual.

Summary/Conclusion

Exercise is one of the most promising strategies for 
intervening on the biology of aging. To advance 
the exercise and aging field, we need to understand 
how exercise intervenes on the pillars of aging and 
improves how older adults feel and function. In this 
regard, a mix of preclinical and translational research 
models may be appropriate. At present, a central issue 
complicating our ability to predict the health benefits 
one might reap from an exercise program is individ-
ual response variation in several outcomes.

The NIH NIA Workshop identified the following 
key knowledge gaps that limit our understanding of 
heterogeneity of responses to, and optimizing clini-
cal efficacy of, exercise training in older adults: (1) 
the extent to which exercise training adaptations are 
impacted by age-related damage is unknown, (2) 
aging itself is heterogenous contributing to a com-
plex backdrop in which exercise response variation 
must be interpreted, (3) there is evidence for sev-
eral intrinsic and extrinsic factors that contribute 
to exercise response variation in outcomes that are 

clinically significant for older adults, (4) alternative 
study designs from the field of personalized medicine 
should be considered when designing future studies 
on individual exercise responses, and (5) currently, 
we have more questions than answers regarding fac-
tors that contribute to exercise response variation in 
older adults. In sum, the optimization of exercise pre-
scription for older adults is ripe for future research. 
Future innovations may prescreen participants for 
particular phenotypic or molecular criteria, and then 
design exercise prescriptions (intensity, duration, fre-
quency, and type) to directly target these age-related 
deficiencies.
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