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Abstract

The early 21st century has witnessed a steady push by scientists, industry leaders, and government
officials to make medicine more personalized. To date, the concept of personalized medicine has
referred largely to the field of pharmacogenomics. In contrast, relatively few data exist regarding
the application of preventive strategies such as physical exercise in the context of personalized
medicine. Within this review, we highlight the extant literature and propose five strategies for
scientists that may propel the exercise and sports science fields toward this global goal. Notably,
these approaches are in addition to methods to maintain adherence to training — a well-known
factor in determining exercise responsiveness. Briefly, these strategies include (1) evaluating
participant responses to training at the individual as well as group level; (2) identifying sources of
variability in responsiveness to training; (3) optimizing exercise dosing strategies to maximize
benefits while minimizing barriers to participation; (4) evaluating the efficacy of multimodal
interventions for relevant population subgroups; and (5) increasing the clinical relevance of study
populations and outcomes in exercise trials. We look forward to seeing these strategies considered
in trials of preventive health interventions such as exercise. Extensive future research in this area
is needed for the vision of exercise as a personalized form of medicine to become a reality.

1 Introduction

Hippocrates (460-377 BC), widely recognized as the father of modern medicine, is credited
with remarking that “if we could give every individual the right amount of nourishment and
exercise, not too little and not too much, we would have found the safest way to health.” He
is perhaps the first individual to document that physical exercise is a critical component of
medicine, a view now shared by scientific and regulatory bodies including the WHO,
American College of Sports Medicine, American Heart Association, and US Department of
Health and Human Services [1-4]. Accordingly, the importance of exercise and other forms
of physical activity has become increasingly recognized as an essential component of an
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individual’s overall health. So, with extensive research supporting the universal prescription
of exercise and physical activity, questions exist regarding future research in this area.

Certainly, research focused on public dissemination remains an important field. Despite the
overwhelming evidence regarding the health benefits of exercise and physical activity, only
35% of US adults even report engaging in regular physical activity [5]. More concerning are
objective measurements indicating that only 5% of US adults obtain the recommended 30
min/day of physical activity [6]. Furthermore, these data indicate that less than half of
children aged 6-11 years and only 8% of adolescents achieve this goal [6]. Thus,
implementation studies designed to identify effective methods of increasing engagement and
adherence are a high priority. However, scientists concentrating on earlier stages of
translation must also think proactively to prevent stagnation and continue advancing the
field.

This opportunity may lie in the area of personalized medicine. The early 21st century has
witnessed a steady push by scientists, industry leaders and government officials to make
medicine more personalized [7-9]. While personalized medicine is intended to include
preventive as well as therapeutic interventions, the majority of research to date has focused
on the study of pharmacogenomics. Yet despite the breadth of utility of exercise and that the
concept of heterogeneity in exercise responsiveness was proposed nearly three decades ago
[10], information remains relatively limited regarding the individualized health responses to
regular exercise. Therefore, we review here the extant literature and propose potential
research strategies to increase individualization and, consequently, efficacy of exercise
prescriptions.

2 Research Strategies to Increase Individualization of Exercise Prescription

2.1 Look Beyond the Group Mean

In 2001, Bouchard and Rankinen [11] wrote that the “number of publications dealing with
physical inactivity and activity and their effects on one or several risk factors, health
outcomes, or mortality is already impressive and is growing. However, it is fair to say that
the vast majority of the published studies have emphasized main effects and group
differences while paying little attention, if any, to individual differences.... It needs to be
recognized that contributions documented at the level of a group may not fully apply to each
member of that group.” Indeed, even well controlled studies using homogenous populations
have demonstrated significant heterogeneity training responses. For instance, changes in
maximal oxygen consumption (VOymax) Vary greatly (e.g. 0-100%) in response to
standardized aerobic training [12, 13]. Likewise, significant variation exists in individual
responsiveness to resistance training. Hubal et al. [14] reported that 1-repetition maximum
(1RM) strength of the elbow flexors increased between 0 % and 250 % following 12 weeks
of training. Similarly, Bamman et al. [15] utilized K-means clustering to categorize
participants as either extreme, moderate, or low responders to a resistance training regimen.
These authors demonstrated that, despite similar adherence to a 16 week resistance training
programme, mean changes in muscle fibre size among response clusters varied from 0 % to
60 %.

Certainly, an evaluation of the mean change in each of these variables indicates a strong,
positive impact of exercise training. However, closer evaluation reveals the need for
improved strategies for many individuals. Such disparities in training responsiveness are
likely very common; however, they are rarely reported. Future trials would be strengthened
by supplementing the group data in study publications with individual participant responses.
For example, Church et al. recently reported changes in body mass among 411 overweight
or obese women who participated in the Dose-Response to Exercise in postmenopausal
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Women (DREW) study [16]. In addition to the mean changes in body mass by intervention
group, these authors displayed the change in body mass for each study participant (Figure
1). Such depictions efficiently provide important information regarding the variability in
participant responses for a given study outcome.

Proper consideration of such variability is critical to establish clinical meaningfulness as
clinicians and scientists often assume that if the mean effect of an intervention is less that
that traditionally considered minimally important, then the intervention has no effect [17].
However, the intervention may in fact be beneficial for many individuals. For example,
walking speed is a clinically important performance characteristic among older adults and
prior studies have identified 0.05 m/s as a minimally important improvement following an
intervention [18, 19]. Hypothetically, if a particular intervention given to 100 older adults
resulted in a mean improvement of 0.04 m/s, it might be considered to be clinically
ineffective. However, consider the situation in which 40 of the participants improved their
walking speed by 0.10 m/s while walking speed was unchanged in the remaining 60 (Figure
2). While this scenario would indeed result in a mean improvement of only 0.04 m/s, it
would have a tremendous positive impact on a significant proportion of individuals. While
this is certainly an extreme and possibly unrealistic example, it highlights the potential for
mean improvement to be misleading if examined in isolation. Indeed, evaluation of the
individual participant data might reveal much more information than simply looking at the
group-level data.

2.2 Identify Sources of Variability in Exercise Responsiveness

The preceding example also highlights the fact that some individuals may have a non-
existent or negative response to an intervention that is beneficial to other group members.
Recently, some investigators have explored such variability in exercise responsiveness by
categorizing individuals as either ‘responders’ or ‘non-responders’ to an exercise training
programme based on change in a given outcome measure. Indeed, further understanding of
the heterogeneity in exercise responsiveness —that is ‘kinesio-dynamics’ — is an important
goal, although challenges certainly exist. One challenge may be the responder/non-
responder concept itself as these designations may be misleading as, for any given
physiological construct, responses to exercise are likely not binary but rather graded in
nature [20]. As such, Booth and Laye [21] recently suggested that one of the major
challenges for exercise scientists in coming years will be how to address the wide
interindividual variability in the change of a given physiological adaptation to an identical
exercise intervention. Given this typically graded nature of adaptation, these authors claim
that meeting this challenge will require a shift to alternate terminology such as ‘high and low
sensitivity’. However, even this designation may need further consideration as recent
evidence has even identified a portion of individuals who experience adverse metabolic
responses to exercise [22]. Still, these are important concepts given that the observation of
exercise-derived changes in any physiological construct likely depends on multiple factors
including the chosen outcomes, study population and exercise stimulus (e.g. mode,
frequency, duration, etc.).

Multiple sources of variability create another challenge in identifying personalized training
regimens. Interindividual differences in genetics, disease, lifestyle and daily environment are
all potential modulators of exercise responsiveness. Although numerous individual studies
are available that support this concept, no systematic approach has synthesized these data to
produce a consistent literature base for any given trait or response variable. For instance, in
recent years, investigators have become keenly interested in genetic contributions to
exercise responsiveness to exercise. Indeed, numerous studies have investigated the
association of individual candidate genes with various physiological responses to exercise.
However, to the authors’ knowledge only two studies to date — the HERITAGE family study
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[23, 54] and the FAMuSS (functional single nucleotide polymorphisms associated with
muscle size and strength) study [24] — have been conducted with the express purpose of
broadly and comprehensively addressing the causes of heterogeneity in responsiveness to
exercise training. Certainly, the relative paucity of firm conclusions from genetic studies is
due in part to the massive expense of conducting chronic studies with sample sizes large
enough to detect genome-wide significance. However, even candidate gene studies have
been limited by dramatic interstudy variation in study populations and outcomes. These
studies are also limited by the fact that they are largely unable to evaluate the multitude of
interactions that may occur between involved genes and their protein products [25]. Such
limitations have, to date, impeded the synthesis of data regarding the effects of various
phenotypic characteristics. Dedicated research programmes investigating consistent study
populations and response outcomes are warranted to provide a more complete literature in
this area.

An additional strategy for accurately identifying response variability will be to consider a
wide range of study outcomes. As mentioned previously, some authors have suggested that
some individuals are non-responsive to various training interventions. Without deeper
inspection, the aforementioned evidence suggesting that some individuals exhibit no
changes in aerobic capacity or muscle growth in response to training appears to validate this
suggestion. However, one must consider that while exercise interventions may produce a
cohort of non-responders for a certain measured variable, other physiological variables in
the non-respondent group may be improved. For instance, the “non-responders’ reported in
Bamman et al. [15] who did not achieve muscle hypertrophy, may still have exhibited an
increase in lower-body strength. Similarly, Bouchard and Rankinen [11] measured other
study outcomes beyond increases in VO,max including changes in high-density lipoprotein
cholesterol as well as systolic blood pressure and heart rate responses to submaximal
exercise. While results were not reported as such, it is likely that some who did not exhibit
increases in VOomax e€xperienced improvements in other measured outcomes. These are
merely two examples that highlight a fundamental point regarding exercise training: for a
standard training programme all individuals will not obtain equal benefits with respect to a
single outcome measure, but, all individuals will almost assuredly obtain some health
benefit. Accordingly, exercise appears to be far more beneficial to one’s health than is
typically observed by the measurement of traditional risk factors alone [26]. Therefore, a
wide range of response outcomes is critical for evaluating the full efficacy of the
intervention on participant health.

2.3 Investigate Exercise Dosing

Design of studies to investigate exercising dosing is another important approach to
developing tailored exercise strategies. In this regard, those who have low sensitivity to a
generalized exercise prescription may simply need a greater exercise stimulus (i.e. volume,
intensity, etc.). To investigate this possibility, the STRRIDE (Studies of Targeted Risk
Reduction Interventions through Defined Exercise) study examined the broad-spectrum
efficacy of an eight-month exercise programme. STRRIDE include the following three study
groups: (1) high volume of vigorous-intensity exercise equivalent to 32 km of jogging per
week; (2) low volume of vigorous-intensity exercise equivalent to 32 km of jogging per
week; and (3) low volume of moderate-intensity exercise equivalent to 32 km of walking per
week. Notably, the high-volume/vigorous-intensity group experienced the greatest increase
in lean body mass while demonstrating the greatest losses in bodyweight and fat mass over
the 8-month intervention [27]. Furthermore, this same group experienced the greatest
increase in absolute VOopmax (~16%), compared to the low-volume/vigorous-intensity
(~10%) groups and low-volume/moderate-intensity (~6%) groups [28]. Finally, STRRIDE
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investigators also reported dose-dependent improvements in insulin sensitivity [29], visceral
adiposity [30] and blood lipids [31].

STRRIDE and similar studies have firmly established that exercise has dose-dependent
effects on various health outcomes [16, 20, 27, 29-33]. However, studies are also needed to
determine the effects of varying doses of exercise in low-sensitivity individuals. For
example, Sisson et al. provided a strong example of such a study in their recent analysis of
the DREW study [20]. These authors’ aimed to detect predictors of VOypax NON-
responsiveness following cardiorespiratory endurance training. Using logistic regression, the
authors concluded that women who were younger, less fit and exercised more had greater
odds of improving their fitness with training. Notably, the authors concluded that the most
important finding of this study was that greater volumes of exercise were associated with a
lower probability of being a non-responder.

In addition to studies investigating the efficacy of differing doses of exercise, future studies
are needed to identify low-sensitivity individuals among varied populations and in response
to varied training regimens. Once these individuals are identified, subsequent investigations
can evaluate the efficacy of altering the frequency, volume, mode and/or intensity of training
among these individuals (Figure 3). For example, Bickel et al. [32] reported that following a
16-week resistance training programme that induced muscle hypertrophy, a reduction to
one-ninth of the original training dose was sufficient to maintain muscle mass in young
adults. However, even one-third of the original dose was insufficient to maintain
hypertrophy gains in older adults. These data clearly demonstrate that age is an important
factor influencing the dose-responsiveness to resistance training with respect to myofibre
size. It should, however, be noted that muscle strength was largely maintained by older
adults, even among those receiving the lowest exercise dose. This finding reiterates the need
to consider a wide range of outcomes to accurately reflect the full utility of a particular
training regimen.

2.4 Identify Multimodal Interventions

Potential strategies to enhance the efficacy of exercise also include the use of adjuvant
therapies. In recent years, authors have highlighted the potential synergism of exercise with
other pharmacological and non-pharmacological therapies [21, 34]. According to Kitzman,
research studies that seek to isolate the effects of an exercise training intervention are likely
to underestimate the full range of potential benefits of training [34]. Others have also
proposed that exercise may be used to stimulate certain adaptations to pharmaceuticals that
may not be observed in response to the drug alone [21]. For example, an oral peroxisome
proliferator-activated receptor delta agonist was shown to improve exercise tolerance in
mice only when combined with exercise [35]. Similarly, angiotensin converting enzyme
(ACE) inhibitors appear to potentiate exercise-mediated improvements in physical
performance among aged rats and humans [36-38]. Furthermore, Huffman et al. [39]
reported that overweight and dyslipidaemic women taking hormone replacement therapy
(HRT) had greater improvements in insulin sensitivity following aerobic training than
women not using HRT. These and similar findings suggest that the investigation of
multimodal therapies is certainly promising and should be considered an essential step in
moving the field forward.

To this end, future research is needed to determine if other commonly used medications
(HMG-CoA reductase inhibitors [statins] may be prime candidates) have pleiotropic effects
when combined with exercise. Such findings could have strong implications not only for the
improvement of exercise outcomes, but also for the cost/benefit ratio of medication
prescription and usage. Evaluation of such interactions may occur in trials specifically
designed to evaluate the additive effect of the adjuvant to exercise responsiveness or
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secondarily in large-scale trials evaluating the efficacy of a relevant medication on specific
health outcomes. In the latter example, exercise scientists should encourage investigators to
include some assessment of physical activity, preferably using objective measures (e.g.
accelerometers or pedometers), to provide some ability to assess interactions between
medication usage and physical activity levels.

Once identified, these multimodal therapies may indeed be capable of enhancing the
efficacy of exercise for low-sensitivity individuals. However, benefits such as reduced time
needed for training may also be possible for high-sensitivity individuals. This point is quite
significant given that perceived time constraint is a primary barrier to exercise participation
[40]. Such targeted interventions are likely to combine a nutritional or pharmaceutical
therapy with chronic exercise training. For example, recent randomized controlled trials
have demonstrated that dietary restriction significantly enhances the effects of exercise on
the physical function of obese and overweight older adults [41-44]. Notably, these
interventions were tailored specifically for obese older adults as dietary restriction is
contraindicated for non-obese seniors [45]. This multimodal intervention is a prime example
of how the efficacy of exercise was optimized by considering the phenotypical and
environmental uniqueness of this group as well as the targeted outcome.

Numerous other potential adjuvant therapies exist that may be useful for enhancing the
efficacy of exercise among most individuals or particular subpopulations. To date, studies
exist that have investigated the effects of interventions that utilize nutritional,
pharmacological, neurocognitive, mechanical or environmental strategies to optimize the
beneficial effects of exercise. Briefly, potential interventions that have been investigated to
date include dietary restriction, high-protein diets, testosterone and/or
dehydroepiandrostenodione supplementation, ACE inhibitors, blood-flow restricted
exercise, split-belt or harnessed treadmill training, eccentrically biased resistance training,
home- and community-based exercise, and use of exercise tasks that mimic daily activities.
Although an exhaustive discussion of the literature related to each of these interventions is
beyond the scope of this work, each therapy has, to date, been proposed as a potentially
efficacious adjuvant to exercise for some population of individuals. Future data will indicate
just how useful these interventions are for persons of differing genetic, phenotypical and
environmental backgrounds.

2.5 Increase Clinical Relevance

The aforementioned strategies are critical for the development of personalized exercise
regimens. However, additional steps will be needed to implement and disseminate these
strategies once identified. One such important step will be to increase the clinical relevance
of investigations through the use of clinically relevant populations and outcomes. In recent
years, demand has increased for clinical research to produce direct evidence of clinical
effectiveness due, in large part, to increasing expenditures and high rates of inappropriate
care [46, 47]. Physicians and other health professional are influential sources of health
information, evidenced by recent study demonstrating increases in patient physical activity
participation and fitness following physician counselling [48].

Sadly, however, in 2010, only one of every three doctors even advised their patients to
engage in exercise or physical activity [49]. Almost assuredly, far fewer took an active
counselling role in prescribing exercise. Although speculative, exercise prescription by
healthcare professionals may be increased by a greater accumulation of studies, which
indicate beneficial effects of exercise on patient populations and outcomes that are within
their scope of practice. Many exercise training studies are designed to evaluate the
physiological effects of a given paradigm among the healthiest segment of the population.
While these studies are certainly informative, a more significant public health benefit will be
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provided by evaluating the paradigm in those most likely to obtain clinically meaningful
benefits.

Accordingly, exercise scientists may be wise to consider the principles of practical clinical
trials [47] in designing studies. Adherence to these principles includes (1) selecting
clinically-relevant interventions to compare; (2) a diverse study population; (3) recruiting
from heterogenous population settings; and (4) collecting data on a broad range of health
outcomes. While exercise studies may not be able to incorporate all aspects unless they are
phase I trials, these principles provide important concepts for improving the clinical
relevance of conducted studies. For example, Church et al. [50] compared the efficacy of
aerobic training, resistance training or a combination of the two, on haemoglobin Alc
(HBA1) levels in persons with type 2 diabetes mellitus. This study demonstrated that only
the combination of the two modalities was successful at improving HBA levels. By
evaluating clinically relevant interventions and outcomes, studies such as this have
important implications for clinical practice. In our opinion, this approach is important for
our future ability to tailor exercise prescriptions to individual patients.

3 Future Perspectives

To date, personalized medicine has been primarily concerned with understanding
heterogeneity in drug responsiveness. However, in our opinion, it is time to begin
considering preventive medicine strategies such as exercise within a broader scope of
personalized care [51]. Just as medical decision making should not made without
considering an individual’s physical condition and personal history, so should it be for
prescribing exercise training. However, we certainly recognize that several challenges exist
in making this goal a reality.

Primary among these is the ability to stimulate participation in exercise training
programmes. As noted in the introduction, our collective ability to stimulate participation in
traditional programmes has been poor to say the least. In our opinion, the personalization of
exercise prescription has potential to improve this level of participation in several ways.
First and foremost, an enhanced engagement of physicians may increase patients’ awareness
of the seriousness of inactivity. The promotion of physical activity by Government agencies
and educational movements such as the ‘Exercise is Medicine’ campaign by the American
College of Sports Medicine have provided an important start to raising awareness of the
importance of exercise. However, we must go further to promote more than just a general
awareness of the benefits of exercise, as the lack of physical activity continues to be a
primary contributor to the development of metabolic disorders and premature death [52]. To
this end, Joyner [53] recently called for deconditioning to be recognized as a medical
diagnosis. He claims that the use of inactivity as a medical diagnosis may be needed to
stimulate physician familiarity with the principles and full benefits of exercise training.
From a scientific perspective, we believe that the principles proposed in the present work
will first need to be widely incorporated by scientists for such a change in medical practice
to occur.

In our view, another primary benefit of these research strategies will be the identification of
tailored exercise strategies for targeted outcomes and specific population groups. Primary
barriers to exercise often include perceived time constraints or lack of desired results. Future
research related to the personalized aspects of training responsiveness has the potential to
not only enhance the efficacy of training but to also minimize the required time
commitment. Theoretically, time-efficient training programmes could be developed that
target specific physiological outcomes or that promote overall health for target populations.
To achieve this objective, however, more information is needed regarding the source of
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heterogeneity in responses to exercise. Rather than viewing heterogeneity as a nuisance, we,
as scientists, should view it as an opportunity to understand how to better target these
interventions. Such knowledge will assist in identifying potentially efficacious adjuvants for
particular groups. Furthermore, a broader physiological understanding of factors influencing
exercise responsiveness will inform the conduct of clinical trials designed to test these
strategies on clinically relevant outcomes. Reflexively, these trials can support further
biological understanding and clinical relevance by considering study results from the
participant as well as group perspective.

In summary, we provided here suggestions for enhancing the collective ability of scientists
to interpret findings of exercise training studies in the context of personalized medicine.
Undoubtedly, however, this framework is merely a small step toward making personalized
exercise prescriptions a reality. We hope that exercise scientists will take these suggestions
and build upon them in their future research. Certainly, enhanced dialogue and idea
exchange is needed for exercise to become an accepted component of personalized care. We
anticipate and look forward to the continued development of this area in coming years.
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Fig. 1.

Demonstration of the feasibility of providing individual participant training responses in
study publications. Sections indicate the change in bodyweight of individual study
participants (solid bars) in (a) a non-exercise control group and in response to three exercise
dosing strategies; (b) 8 KKW; (c) 4 KKW; and (d) 12 KKW. These data highlight the
interindividual variability of participant responses to a standard training programme.
Reproduced from Church et al. [16], under the Open-Access Creative Commons Attribution
License. KKW/kilocalories per week
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Fig. 2.

Hypothetical scenario depicting the differential impact of three supposed interventions on a
given outcome despite identical changes in the group mean. The figure depicts a scenario in
which 100 older adults are given an intervention to improve usual-paced gait speed. The x-
axis depicts the number of individuals with a specific change in gait speed (y-axis) in
response to each intervention. This extreme example highlights how simply evaluating the
mean response of a group can be misleading with respect to the clinical utility of a given
intervention. A/number
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(‘high’ responders) medications) characteristics
12-week exercise study
(outcome variables: weight
loss, serum health markers,
blood pressure, abdominal
adiposity)
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In 70 participants, Sex, race, diet, genotype,
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or less (‘low’ responders) Assess other
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endurance training)
- Assess combinatorial effects
of diet and/or medication and
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Fig. 3.

Conceptual study design framework for investigations designed to evaluate heterogeneity in
responsiveness to exercise and identify potential alternative interventions for low-sensitivity
individuals. The hypothetical scenario above the dotted line depicts a ‘standard’ study
design in which the efficacy of an exercise intervention on a specific health outcome is
evaluated by comparing the mean change in the outcome between groups. The framework
below the dotted line depicts a scenario in which the exercise study evaluates multiple health
outcomes at the participant level. This approach allows investigators to identify subgroups
of individuals who are either ‘high or low sensitivity’ and provides the framework for
follow-up studies to improve efficacy among low-sensitivity individuals. H//T high-
intensity interval training
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