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Accumulating evidence mainly from observational studies supports the notion that lifestyle 
factors such as regular physical activity can modulate potential risk factors of dementia. 
Regarding a potential mechanism for this interaction, results from intervention studies 
show that exercising can induce neuroplastic changes in the human brain. However, a 
detailed look at the study results reveals a wide interindividual variability in the observed 
effects. This heterogeneity may originate from the fact that there are “responders” and 
“non-responders” with respect to the impact of physical exercise on physiological outcome 
parameters (i.e., VO2 peak) and the brain. From this, it follows that recommendations for 
physical exercise programs should not follow a “one size fits all” approach. Instead, 
we propose that the exercises should be tailored to an individual in order to maximize the 
potential neuroplastic and preventive effects of regular exercise. These adaptations should 
take the individual performance levels into account and impact both the quality (i.e., type) 
and the quantity of exercises (i.e., intensity, duration, and volume).
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INTRODUCTION

According to recent predictions, the global number of people affected by dementia will rise 
from currently 47 to 131.3 million by 2050 (Prince et  al., 2015), whereby Alzheimer’s disease 
(AD) as the most common cause of dementia accounts for up to 75% of cases (Masters et  al., 
2015). Hope for the imminent development of disease-modifying drug therapies has faded 
after more than 200 clinical trials with new drugs have failed in the recent past (Schneider et al., 2014). 
In this context, concepts of healthy aging are becoming increasingly important.

Due to the lack of prospect for causal pharmacological treatments, dementia research is 
currently directed toward modifiable risk and lifestyle factors serving as preventive strategies 
(Kivipelto et  al., 2018a). Norton et  al. (2014) postulate that one third of the global prevalence 
of Alzheimer’s disease is related to modifiable risk factors. Among other factors especially 
physical inactivity, overweight, hypertension, and diabetes mellitus have been identified as 
modifiable risk factors. The latter open an opportunity for various preventive strategies. According 
to a computational model, a 10% reduction of the risk factors per decade could lead to a 
decrease in 8.3% of the global Alzheimer’s prevalence by 2050 (Norton et al., 2014). Additionally, 
delaying the onset of dementia by 5  years could reduce the number of affected people by 
nearly 50% (Sperling et  al., 2011) and would have a key public health impact.
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Systematic reviews on epidemiological studies suggest a 
strong impact of regular physical activity (as opposed to mainly 
sedentary behavior) on dementia risk (Hamer and Chida, 2009; 
Sofi et  al., 2011). For example, Hamer and Chida (2009) have 
shown in a meta-analysis including 16 prospective studies with 
163,797 non-demented participants in which physical activity 
is associated with a reduced risk of dementia of all types of 
26% and a reduced Alzheimer’s disease risk of 45%.

However, randomized controlled interventions reported 
mixed findings regarding the effect of exercising on cognition 
and the brain, casting some doubt on its preventive power 
against dementia (Müller et  al., 2017). In summary, current 
research indicates that interventions are more beneficial at 
preclinical and early clinical stages of Alzheimer’s disease 
(Forbes et  al., 2015; Brini et  al., 2018). Regarding the 
multifactorial etiology of most dementia cases, current large 
multidomain trials [MAPT (Andrieu et  al., 2017), PreDIVA 
(van Charante et  al., 2016), and FINGER (Ngandu et  al., 
2015)] investigate the effect of lifestyle interventions on 
cognitive functions and, ultimately, dementia prevention. So 
far only the FINGER trial has revealed beneficial intervention 
effects on cognitive functions among participants at risk of 
dementia (Ngandu et  al., 2015). Whether these effects have 
an impact on the later incidence of dementia in the participants 
is not yet clear. Actually, the global initiative World Wide 
Fingers aims to advance dementia prevention studies  
(Kivipelto et  al., 2018b).

INDIVIDUAL RESPONSE TO  
PHYSICAL EXERCISE

Numerous epidemiological, cross-sectional, and interventional 
studies indicate that regular physical activity has positive effects 
on health in general and brain health in particular and has 
the potential to reduce the risk of dementia (Hamer and 
Chida, 2009; Sofi et  al., 2011; Brini et  al., 2018; Liu-Ambrose 
et  al., 2018). However, a detailed analysis of the studies often 
reveals a wide interindividual variability of the results (Müller 
et  al., 2018). The individual response to physical exercise has 
received attention in sport science since the 1980s (Rankinen 
and Bouchard, 2008). Especially in the context of endurance 
and strength training, there is strong evidence for different 
individual physiological adaptations to identical exercise and 
training variables (Buford et  al., 2013; Weatherwax et  al., 
2016). Based on these wide interindividual variations, humans 
have been divided into “responders” or “non-responders” with 
respect to a specific exercise (Buford et  al., 2013). Here 
“responders” are defined as subjects who achieve a benefit, 
while “non-responders” may exhibit an unchanged or even 
worsened performance under the same stimulus (Bouchard 
and Rankinen, 2001). However, the term “responder” is currently 
under discussion. For example, Booth and Laye (2010) proposed 
that the term “non-responding” should be  replaced by the 
term “low sensitivity” accounting for the fact that usually 
so-called non-responders show some training effects after all 

albeit to a lower extent, indicating that they may “convert” 
to responders if the training is adapted for them, i.e., by 
increasing training frequency.

PHYSICAL EXERCISE AS 
PERSONALIZED MEDICINE

Personalized medicine is an approach for pharmacological drug 
treatment and preventive interventions based on individual 
variability in genetics, anthropometrics, biomarkers, environment, 
and other factors. Thereby, the terms “personalized medicine,” 
“precision medicine,” and “individualized medicine” are often 
used synonym. Especially in oncology, personalized therapies 
have been successfully used for years (Shin et  al., 2017). 
Currently, this approach has become popular in dementia 
research as well, e.g., Hampel et  al. (2017).

Referring to the observation of the interindividual variety 
in physiological adaptions in response to physical exercise from 
sport science, the concept of “responders” and “non-responders” 
would have fundamental implications on the proposed 
neuroprotective and preventive factors of physical activity on 
dementia, too. In this regard, the following questions arise: 
(1) Which factors cause the large interindividual heterogeneity 
in response to physical training? (2) Are all outcomes affected 
equally by the individual responsiveness? and (3) How can 
we overcome non-responsiveness so that (almost) all individuals 
experience benefits? In the following, we  will briefly discuss 
these questions.

 1.  Which factors cause this large interindividual heterogeneity 
in response to physical training?

Like with the risk for dementia (and other diseases), the 
individual physiological response to physical exercise is modulated 
by concomitant modifiable (e.g., diet) and non-modifiable factors 
(e.g., genetics, gender; Bouchard and Rankinen, 2001; Rankinen 
and Bouchard, 2008; Booth and Laye, 2010; Sparks, 2017). 
Regarding the latter, as of now over 150 genetic markers have 
been associated with elite athlete status (Ahmetov et  al., 2016) 
and trainings response (Bray et  al., 2009). Additionally, several 
single-nucleotide polymorphisms were identified as being related 
to the training response. Results of the HERITAGE (HEalth, 
RIsk factors, exercise Training And Genetics) study (Bouchard 
et al., 1999; Timmons et al., 2010) indicate that the interindividual 
variation in physiological responses to exercise is based, among 
other causes, on genetic factors. Here, 21 single nucleotide 
polymorphisms accounted for 49% of VO2 peak variation 
(Bouchard et  al., 2011). Interestingly, VO2 peak has been 
associated with brain function in older adults (Erickson et  al., 
2009, 2011). Timmons et  al. (2010) suggested molecular 
classifications based on 29 RNA signatures that predicted VO2 
peak, whereby 11 single-nucleotide polymorphisms explain 23% 
of the variance in VO2 peak. However, only one intervention 
study has used a genetic-based algorithm for personalized 
resistance training (Jones et al., 2016). Altogether, several aspects 
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of the connection between genotype and exercise response are 
still unclear (Mann et  al., 2014).

 2.  Are all outcomes affected equally by individual 
responsiveness status?

Both resistance and endurance trainings have yielded strongly 
varying results across individuals and, moreover, within an 
individual, the results are often inconsistent across different 
variables, so that the same person may present training induced 
benefits in one domain but not the other (Vellers et  al., 2018). 
For example, after a 12-week resistance training, Hubal et  al. 
(2005) reported that on average muscle size and strength 
increased in young adults. However, a closer look reveals that 
the gains in muscle size varied from −2 to +59% and those 
in strength between −32 and 149%. Similar results were reported 
following endurance interventions (Bouchard et  al., 1999; 
Bouchard and Rankinen, 2001). Moreover, Karavirta et  al. 
(2011) observed a wide range of individual responses to a 
combined endurance and strength training in older adults. 
After the 21  weeks of intervention, cardiorespiratory fitness 
(VO2 peak) gains varied from −8 to 42% and strength (maximal 
isometric bilateral leg extension) from −12 to 87%. Other trials 
have shown a similar interindividual heterogeneity regarding 
the VO2 peak response to exercise training in young (Kohrt 
et  al., 1991; Bouchard and Rankinen, 2001) and old adults 
(Chmelo et  al., 2015; Ross et  al., 2015). Furthermore, other 
cardiorespiratory (e.g., blood pressure, heart rate at work load) 
and metabolic (e.g., insulin sensitivity, cholesterol) parameters 
have also shown strong interindividual differences in adaptation 
to exercise (Bouchard and Rankinen, 2001; Fritz et  al., 2006). 
This interindividual variability could have a fundamental influence 
on the effect of physical exercise on neuroprotection and 
prevention of dementia, because especially cardiorespiratory 
and metabolic parameters are high-risk factors of dementia. 
A non-response to physical exercise on these risk factors could 
thus avert the positive effects of physical exercise on dementia 
risk in general. Other aspects such as gender (Barha et  al., 
2017a) or APOE (Berkowitz et al., 2018) are likely to influence 
the effects of physical activity.

Thereby, cardiovascular, neuromuscular, and balance training 
improve differently cognitive performance and neuroplasticity 
in elderly (Voelcker-Rehage et  al., 2011; Voelcker-Rehage and 
Niemann, 2013; Levin et al., 2017). There are only a few studies 
regarding interindividual variability following physical exercise 
interventions on cognitive functions. Heisz et al. (2017) reported 
that a 6-week exercise, cognitive, or combined training led to 
general improvements in memory functions in young adults. 
In more detail, individuals with greater cardiovascular 
improvements had also larger increases in levels of the brain-
derived neurotrophic factor (BDNF) and the insulin-like growth 
factor-1 (IGF-1). Furthermore, high responders to exercise in 
the combined training group had better memory performance 
compared with exercise alone.

 3.  How can we  account for the interindividual heterogeneity 
to achieve optimal results in (almost) all individuals?

Following the hypothesis that there is a clinical relevant 
group of “non-responders” or “low sensitivity,” the question 
raises whether modifications of a given exercise program (e.g., 
type of exercise, exercise durations, exercise volume, exercise 
intensity) can overcome the lack of training effects. Some 
current studies indicate that the non-responder status can 
be  mitigated by increasing the exercise intensity and/or dose 
(Bonafiglia et  al., 2016; Lundby et  al., 2017; Montero and 
Lundby, 2017). For example, Montero and Lundby have shown 
that the percentage of non-responders is lower when the 
training is accomplished four to five times per week as opposed 
to only one to two times. Regarding effects on cognitive 
function, the optimal dose-response relationship is still largely 
unknown. One potential mediator of training effects on brain 
function is BDNF, which enhances neuroplasticity via different 
pathways (Brigadski and Leßmann, 2014). BDNF excretion 
is induced by lactate (Schiffer et  al., 2011), and peripheral 
blood lactate levels have also been shown to correlate with 
cognitive improvements (Lee et  al., 2014; Tsukamoto et  al., 
2016). Consequently, exercise interventions should be intensive 
enough to increase lactate and, as a consequence, BDNF. 
However, especially in older adults, classical exercise 
interventions rarely achieve the second ventilatory threshold 
(VT2) level, which is associated with an accumulation of 
lactate. Using High Intensity Interval Training (HIIT) with 
higher intensities and lower volumes could be  a method to 
achieve higher numbers of responders. Considerable evidence 
is accumulating regarding the positive effects and safety of 
HIIT training strategies even for older adults and patients 
with chronic diseases (Ross et  al., 2016) (e.g., chronic heart 
failure, COPD, diabetes).

FUTURE RECOMMENDATIONS

Actually, personalized medicine is primary concerned with 
heterogeneity in an individual’s response to medical drugs. 
But, there is also an urgent need for personalized preventive 
exercise strategies (Buford et al., 2013; Berkowitz et al., 2018). 
Thereby, personalized exercise programs would enhance 
training efficiency and improve more outcome variables in 
a larger number of individuals. For future intervention studies, 
genetic analyses could help to identify potential “responders” 
and “non-responders.” Furthermore, a personalized exercise 
training program should be based on a complex performance 
analysis, especially to identify specific individual weaknesses. 
More research is needed to provide more detailed 
recommendations for the suggested personalized exercise 
programs and to overcome the one-size-fits-all approach 
(Barha et  al., 2017b).

AUTHOR CONTRIBUTIONS

PM wrote the manuscript. PM, MT, and NM revised 
the manuscript.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Müller et al. Exercise as Personalized Medicine

Frontiers in Physiology | www.frontiersin.org 4 May 2019 | Volume 10 | Article 672

 

REFERENCES

Ahmetov, I. I., Egorova, E. S., Gabdrakhmanova, L. J., and Fedotovskaya, O. N. 
(2016). Genes and athletic performance: an update. Med. Sport Sci. 61, 
41–54. doi: 10.1159/000445240

Andrieu, S., Guyonnet, S., Coley, N., Cantet, C., Bonnefoy, M., Bordes, S., et  al. 
(2017). Effect of long-term omega 3 polyunsaturated fatty acid supplementation 
with or without multidomain intervention on cognitive function in elderly 
adults with memory complaints (MAPT): a randomised, placebo-controlled 
trial. Lancet Neurol. 16, 377–389. doi: 10.1016/S1474-4422(17)30040-6

Barha, C. K., Davis, J. C., Falck, R. S., Nagamatsu, L. S., and Liu-Ambrose, T. 
(2017a). Sex differences in exercise efficacy to improve cognition: a systematic 
review and meta-analysis of randomized controlled trials in older humans. 
Front. Neuroendocrinol. 46, 71–85. doi: 10.1016/j.yfrne.2017.04.002

Barha, C. K., Galea, L. A., Nagamatsu, L. S., Erickson, K. I., and Liu-Ambrose, T. 
(2017b). Personalising exercise recommendations for brain health: 
considerations and future directions. Br. J. Sports Med. 51, 636–639. doi: 
10.1136/bjsports-2016-096710

Berkowitz, C. L., Mosconi, L., Scheyer, O., Rahman, A., Hristov, H., and 
Isaacson, R. S. (2018). Precision medicine for Alzheimer’s disease prevention. 
Healthcare 6, 1–11. doi: 10.3390/healthcare6030082

Bonafiglia, J. T., Rotundo, M. P., Whittall, J. P., Scribbans, T. D., Graham, R. B., 
and Gurd, B. J. (2016). Inter-individual variability in the adaptive responses 
to endurance and sprint interval training: a randomized crossover study. 
PLoS One 11, 1–14. doi: 10.1371/journal.pone.0167790

Booth, F. W., and Laye, M. J. (2010). The future: genes, physical activity and 
health. Acta Physiol. 199, 549–556. doi: 10.1111/j.1748-1716.2010.02117.x

Bouchard, C., An, P., Rice, T., Skinner, J. S., Wilmore, J. H., Gagnon, J., et  al. 
(1999). Familial aggregation of VO(2max) response to exercise training: 
results from the HERITAGE family study. J. Appl. Physiol. 87, 1003–1008. 
doi: 10.1152/jappl.1999.87.3.1003

Bouchard, C., and Rankinen, T. (2001). Individual differences in response to 
regular physical activity. Med. Sci. Sports Exerc. 33, S446–S451. doi: 
10.1097/00005768-200106001-00013

Bouchard, C., Sarzynski, M. A., Rice, T. K., Kraus, W. E., Church, T. S., 
Sung, Y. J., et  al. (2011). Genomic predictors of the maximal O₂ uptake 
response to standardized exercise training programs. J. Appl. Physiol. 110, 
1160–1170. doi: 10.1152/japplphysiol.00973.2010

Bray, M. S., Hagberg, J. M., Pérusse, L., Rankinen, T., Roth, S. M., Wolfarth, B., 
et  al. (2009). The human gene map for performance and health-related 
fitness phenotypes: the 2006-2007 update. Med. Sci. Sports Exerc. 41, 35–73. 
doi: 10.1249/MSS.0b013e3181844179

Brigadski, T., and Leßmann, V. (2014). BDNF: a regulator of learning and 
memory processes with clinical potential. e-Neuroforum 5, 1–11. doi: 10.1007/
s13295-014-0053-9

Brini, S., Sohrabi, H. R., Peiffer, J. J., Karrasch, M., Hämäläinen, H., Martins, R. N., 
et al. (2018). Physical activity in preventing Alzheimer’s disease and cognitive 
decline: a narrative review. Sports Med. 48, 29–44. doi: 10.1007/
s40279-017-0787-y

Buford, T. W., Roberts, M. D., and Church, T. S. (2013). Toward exercise as 
personalized medicine. Sports Med. 43, 157–165. doi: 10.1007/s40279- 
013-0018-0

Chmelo, E. A., Crotts, C. I., Newman, J. C., Brinkley, T. E., Lyles, M. F., 
Leng, X., et  al. (2015). Heterogeneity of physical function responses to 
exercise training in older adults. J. Am. Geriatr. Soc. 63, 462–469. doi: 
10.1111/jgs.13322

Erickson, K. I., Prakash, R. S., Voss, M. W., Chaddock, L., Hu, L., Morris, K. S., 
et  al. (2009). Aerobic fitness is associated with hippocampal volume in 
elderly humans. Hippocampus 19, 1030–1039. doi: 10.1002/hipo.20547

Erickson, K. I., Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L., 
et  al. (2011). Exercise training increases size of hippocampus and improves 
memory. Proc. Natl. Acad. Sci. USA 108, 3017–3022. doi: 10.1073/
pnas.1015950108

Forbes, D., Forbes, S. C., Blake, C. M., Thiessen, E. J., and Forbes, S. (2015). 
Exercise programs for people with dementia. Cochrane Database Syst. Rev. 
12:CD006489. doi: 10.1002/14651858.CD006489.pub4

Fritz, T., Krämer, D. K., Karlsson, H. K. R., Galuska, D., Engfeldt, P., Zierath, J. R., 
et al. (2006). Low-intensity exercise increases skeletal muscle protein expression 

of PPARdelta and UCP3  in type 2 diabetic patients. Diabetes Metab. Res. 
Rev. 22, 492–498. doi: 10.1002/dmrr.656

Hamer, M., and Chida, Y. (2009). Physical activity and risk of neurodegenerative 
disease: a systematic review of prospective evidence. Psychol. Med. 39, 3–11. 
doi: 10.1017/S0033291708003681

Hampel, H., O’Bryant, S. E., Durrleman, S., Younesi, E., Rojkova, K., Escott-
Price, V., et al. (2017). A precision medicine initiative for Alzheimer’s disease: 
the road ahead to biomarker-guided integrative disease modeling. Climacteric 
20, 107–118. doi: 10.1080/13697137.2017.1287866

Heisz, J. J., Clark, I. B., Bonin, K., Paolucci, E. M., Michalski, B., Becker, S., 
et  al. (2017). The effects of physical exercise and cognitive training on 
memory and neurotrophic factors. J. Cogn. Neurosci. 29, 1895–1907. doi: 
10.1162/jocn_a_01164

Hubal, M. J., Gordish-Dressman, H., Thompson, P. D., Price, T. B., 
Hoffman, E. P., Angelopoulos, T. J., et  al. (2005). Variability in muscle 
size and strength gain after unilateral resistance training. Med. Sci. Sports 
Exerc. 37, 964–972.

Jones, N., Kiely, J., Suraci, B., Collins, D. J., de Lorenzo, D., Pickering, C., 
et  al. (2016). A genetic-based algorithm for personalized resistance training. 
Biol. Sport 33, 117–126. doi: 10.5604/20831862.1198210

Karavirta, L., Häkkinen, K., Kauhanen, A., Arija-Blázquez, A., Sillanpää, E., 
Rinkinen, N., et  al. (2011). Individual responses to combined endurance 
and strength training in older adults. Med. Sci. Sports Exerc. 43, 484–490. 
doi: 10.1249/MSS.0b013e3181f1bf0d

Kivipelto, M., Mangialasche, F., and Ngandu, T. (2018a). Lifestyle interventions 
to prevent cognitive impairment, dementia and Alzheimer disease. Nat. Rev. 
Neurol. 14, 653–666. doi: 10.1038/s41582-018-0070-3

Kivipelto, M., Mangialasche, F., Ngandu, T., Eg, N. M. E. J. J., Soininen, H., 
Tuomilehto, J., et  al. (2018b). World wide fingers will advance dementia 
prevention. Lancet Neurol. 17:27. doi: 10.1016/S1474-4422(17)30431-3

Kohrt, W. M., Malley, M. T., Coggan, A. R., Spina, R. J., Ogawa, T., Ehsani, A. A., 
et al. (1991). Effects of gender, age, and fitness level on response of VO2max 
to training in 60-71 yr olds. J. Appl. Physiol. 71, 2004–2011. doi: 10.1152/
jappl.1991.71.5.2004

Lee, J. K. W., Koh, A. C. H., Koh, S. X. T., Liu, G. J. X., Nio, A. Q. X., and 
Fan, P. W. P. (2014). Neck cooling and cognitive performance following 
exercise-induced hyperthermia. Eur. J. Appl. Physiol. 114, 375–384. doi: 
10.1007/s00421-013-2774-9

Levin, O., Netz, Y., and Ziv, G. (2017). The beneficial effects of different types 
of exercise interventions on motor and cognitive functions in older age: a 
systematic review. Eur. Rev. Aging Phys. Act. 14:20. doi: 10.1186/
s11556-017-0189-z

Liu-Ambrose, T., Barha, C. K., and Best, J. R. (2018). Physical activity for 
brain health in older adults. Applied physiology, nutrition, and metabolism = 
Physiologie appliquee. Nutr. Metab. 43, 1105–1112. doi: 10.1139/apnm-2018-0260

Lundby, C., Montero, D., and Joyner, M. (2017). Biology of VO2 max: looking 
under the physiology lamp. Acta Physiol. 220, 218–228. doi: 10.1111/apha.12827

Mann, T. N., Lamberts, R. P., and Lambert, M. I. (2014). High responders 
and low responders: factors associated with individual variation in response 
to standardized training. Sports Med. 44, 1113–1124. doi: 10.1007/
s40279-014-0197-3

Masters, C. L., Bateman, R., Blennow, K., Rowe, C. C., Sperling, R. A., and 
Cummings, J. L. (2015). Alzheimer’s disease. Nat. Rev. Dis. Primers 1:15056. 
doi: 10.1038/nrdp.2015.56

Montero, D., and Lundby, C. (2017). Refuting the myth of non-response to 
exercise training: ‘non-responders’ do respond to higher dose of training. 
J. Physiol. 595, 3377–3387. doi: 10.1113/JP273480

Müller, P., Rehfeld, K., Schmicker, M., and Müller, N. (2018). P52. Future 
directions for physical exercise as personalized medicine. Clin. Neurophysiol. 
129:e88. doi: 10.1016/j.clinph.2018.04.689

Müller, P., Schmicker, M., and Müller, N. G. (2017). Präventionsstrategien gegen 
Demenz [preventive strategies for dementia]. Z. Gerontol. Geriatr. 50, 89–95. 
doi: 10.1007/s00391-017-1202-x

Ngandu, T., Lehtisalo, J., Solomon, A., Levälahti, E., Ahtiluoto, S., Antikainen, R., 
et  al. (2015). A 2 year multidomain intervention of diet, exercise, cognitive 
training, and vascular risk monitoring versus control to prevent cognitive 
decline in at-risk elderly people (FINGER): a randomised controlled trial. 
Lancet 385, 2255–2263. doi: 10.1016/S0140-6736(15)60461-5

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1159/000445240
https://doi.org/10.1016/S1474-4422(17)30040-6
https://doi.org/10.1016/j.yfrne.2017.04.002
https://doi.org/10.1136/bjsports-2016-096710
https://doi.org/10.3390/healthcare6030082
https://doi.org/10.1371/journal.pone.0167790
https://doi.org/10.1111/j.1748-1716.2010.02117.x
https://doi.org/10.1152/jappl.1999.87.3.1003
https://doi.org/10.1097/00005768-200106001-00013
https://doi.org/10.1152/japplphysiol.00973.2010
https://doi.org/10.1249/MSS.0b013e3181844179
https://doi.org/10.1007/s13295-014-0053-9
https://doi.org/10.1007/s13295-014-0053-9
https://doi.org/10.1007/s40279-017-0787-y
https://doi.org/10.1007/s40279-017-0787-y
https://doi.org/10.1007/s40279-013-0018-0
https://doi.org/10.1007/s40279-013-0018-0
https://doi.org/10.1111/jgs.13322
https://doi.org/10.1002/hipo.20547
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.1073/pnas.1015950108
https://doi.org/CD006489
https://doi.org/10.1002/14651858.CD006489.pub4
https://doi.org/10.1002/dmrr.656
https://doi.org/10.1017/S0033291708003681
https://doi.org/10.1080/13697137.2017.1287866
https://doi.org/10.1162/jocn_a_01164
https://doi.org/10.5604/20831862.1198210
https://doi.org/10.1249/MSS.0b013e3181f1bf0d
https://doi.org/10.1038/s41582-018-0070-3
https://doi.org/10.1016/S1474-4422(17)30431-3
https://doi.org/10.1152/jappl.1991.71.5.2004
https://doi.org/10.1152/jappl.1991.71.5.2004
https://doi.org/10.1007/s00421-013-2774-9
https://doi.org/10.1186/s11556-017-0189-z
https://doi.org/10.1186/s11556-017-0189-z
https://doi.org/10.1139/apnm-2018-0260
https://doi.org/10.1111/apha.12827
https://doi.org/10.1007/s40279-014-0197-3
https://doi.org/10.1007/s40279-014-0197-3
https://doi.org/10.1038/nrdp.2015.56
https://doi.org/10.1113/JP273480
https://doi.org/10.1016/j.clinph.2018.04.689
https://doi.org/10.1007/s00391-017-1202-x
https://doi.org/10.1016/S0140-6736(15)60461-5


Müller et al. Exercise as Personalized Medicine

Frontiers in Physiology | www.frontiersin.org 5 May 2019 | Volume 10 | Article 672

Norton, S., Matthews, F. E., Barnes, D. E., Yaffe, K., and Brayne, C. (2014). 
Potential for primary prevention of Alzheimer’s disease: an analysis of 
population-based data. Lancet Neurol. 13, 788–794. doi: 10.1016/
S1474-4422(14)70136-X

Prince, M., Wimo, A., and Guerchet, M. (2015). World Alzheimer Report 
2015: the global impact of dementia; an analysis of prevalence, incidence, 
cost and trends. Available at: http://www.alz.co.uk/research/WorldAlzheimer 
Report2015.pdf

Rankinen, T., and Bouchard, C. (2008). Gene–physical activity  
interactions: overview of human studies. Obesity 16, S47–S50. doi: 10.1038/
oby.2008.516

Ross, R., de Lannoy, L., and Stotz, P. J. (2015). Separate effects of intensity 
and amount of exercise on interindividual cardiorespiratory fitness response. 
Mayo Clin. Proc. 90, 1506–1514. doi: 10.1016/j.mayocp.2015.07.024

Ross, L. M., Porter, R. R., and Durstine, J. L. (2016). High-intensity interval 
training (HIIT) for patients with chronic diseases. J. Sport Health Sci. 5, 
139–144. doi: 10.1016/j.jshs.2016.04.005

Schiffer, T., Schulte, S., Sperlich, B., Achtzehn, S., Fricke, H., and Strüder, H. K. 
(2011). Lactate infusion at rest increases BDNF blood concentration in 
humans. Neurosci. Lett. 488, 234–237. doi: 10.1016/j.neulet.2010.11.035

Schneider, L. S., Mangialasche, F., Andreasen, N., Feldman, H., Giacobini, E., 
Jones, R., et  al. (2014). Clinical trials and late-stage drug development for 
Alzheimer’s disease: an appraisal from 1984 to 2014. J. Intern. Med. 275, 
251–283. doi: 10.1111/joim.12191

Shin, S. H., Bode, A. M., and Dong, Z. (2017). Precision medicine: the foundation 
of future cancer therapeutics. NPJ Precis. Oncol. 1:12. doi: 10.1038/s41698- 
017-0016-z

Sofi, F., Valecchi, D., Bacci, D., Abbate, R., Gensini, G. F., Casini, A., et  al. 
(2011). Physical activity and risk of cognitive decline: a meta-analysis of 
prospective studies. J. Intern. Med. 269, 107–117. doi: 10.1111/j.1365- 
2796.2010.02281.x

Sparks, L. M. (2017). Exercise training response heterogeneity: physiological 
and molecular insights. Diabetologia 60, 2329–2336. doi: 10.1007/
s00125-017-4461-6

Sperling, R. A., Aisen, P. S., Beckett, L. A., Bennett, D. A., Craft, S., Fagan, A. M., 
et  al. (2011). Toward defining the preclinical stages of Alzheimer’s disease: 
recommendations from the National Institute on Aging-Alzheimer’s Association 
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers 
Dement. 7, 280–292. doi: 10.1016/j.jalz.2011.03.003

Timmons, J. A., Knudsen, S., Rankinen, T., Koch, L. G., Sarzynski, M., Jensen, T., 
et  al. (2010). Using molecular classification to predict gains in maximal 
aerobic capacity following endurance exercise training in humans. J. Appl. 
Physiol. 108, 1487–1496. doi: 10.1152/japplphysiol.01295.2009

Tsukamoto, H., Suga, T., Takenaka, S., Tanaka, D., Takeuchi, T., Hamaoka, T., 
et  al. (2016). Repeated high-intensity interval exercise shortens the positive 
effect on executive function during post-exercise recovery in healthy young 
males. Physiol. Behav. 160, 26–34. doi: 10.1016/j.physbeh.2016.03.029

van Charante, E. P. M., Richard, E., Eurelings, L. S., van Dalen, J.-W., Ligthart, S. A., 
van Bussel, E. F., et al. (2016). Effectiveness of a 6-year multidomain vascular 
care intervention to prevent dementia (preDIVA): a cluster-randomised 
controlled trial. Lancet 388, 797–805. doi: 10.1016/S0140-6736(16)30950-3

Vellers, H. L., Kleeberger, S. R., and Lightfoot, J. T. (2018). Inter-individual 
variation in adaptations to endurance and resistance exercise training: genetic 
approaches towards understanding a complex phenotype. Mamm. Genome 
29, 48–62. doi: 10.1007/s00335-017-9732-5

Voelcker-Rehage, C., Godde, B., and Staudinger, U. M. (2011). Cardiovascular 
and coordination training differentially improve cognitive performance and 
neural processing in older adults. Front. Hum. Neurosci. 5:26. doi: 10.3389/
fnhum.2011.00026

Voelcker-Rehage, C., and Niemann, C. (2013). Structural and functional brain 
changes related to different types of physical activity across the life span. 
Neurosci. Biobehav. Rev. 37, 2268–2295. doi: 10.1016/j.neubiorev.2013.01.028

Weatherwax, R. M., Harris, N. K., Kilding, A. E., and Dalleck, L. C. (2016). 
The incidence of training responsiveness to cardiorespiratory fitness and 
cardiometabolic measurements following individualized and standardized 
exercise prescription: study protocol for a randomized controlled trial. Trials 
17, 1–12. doi: 10.1186/s13063-016-1735-0

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

Copyright © 2019 Müller, Taubert and Müller. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/S1474-4422(14)70136-X
https://doi.org/10.1016/S1474-4422(14)70136-X
http://www.alz.co.uk/research/WorldAlzheimerReport2015.pdf
http://www.alz.co.uk/research/WorldAlzheimerReport2015.pdf
https://doi.org/10.1038/oby.2008.516
https://doi.org/10.1038/oby.2008.516
https://doi.org/10.1016/j.mayocp.2015.07.024
https://doi.org/10.1016/j.jshs.2016.04.005
https://doi.org/10.1016/j.neulet.2010.11.035
https://doi.org/10.1111/joim.12191
https://doi.org/10.1038/s41698-017-0016-z
https://doi.org/10.1038/s41698-017-0016-z
https://doi.org/10.1111/j.1365-2796.2010.02281.x
https://doi.org/10.1111/j.1365-2796.2010.02281.x
https://doi.org/10.1007/s00125-017-4461-6
https://doi.org/10.1007/s00125-017-4461-6
https://doi.org/10.1016/j.jalz.2011.03.003
https://doi.org/10.1152/japplphysiol.01295.2009
https://doi.org/10.1016/j.physbeh.2016.03.029
https://doi.org/10.1016/S0140-6736(16)30950-3
https://doi.org/10.1007/s00335-017-9732-5
https://doi.org/10.3389/fnhum.2011.00026
https://doi.org/10.3389/fnhum.2011.00026
https://doi.org/10.1016/j.neubiorev.2013.01.028
https://doi.org/10.1186/s13063-016-1735-0
http://creativecommons.org/licenses/by/4.0/

	Physical Exercise as Personalized Medicine for Dementia Prevention?
	Introduction
	Individual Response to 
Physical Exercise
	Physical Exercise as Personalized Medicine
	Future Recommendations
	Author Contributions

	References

