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The physiological challenges presented by space flight and in microgravity (μG) 
environments are well documented. μG environments can result in declines muscle mass, 
contractile strength, and functional capabilities. Previous work has focused on exercise 
countermeasures designed to attenuate the negative effects of μG on skeletal muscle 
structure, function, and contractile strength and aerobic fitness parameters. Exposure to 
μG environments influences both strength and aerobic type physical qualities. As such, 
the current exercise recommendations for those experiencing μG involve a combination 
of strength and aerobic training or “concurrent training.” Concurrent training strategies 
can result in development and maintenance of both strength and aerobic capabilities. 
However, terrestrial research has indicated that if concurrent training strategies are 
implemented inappropriately, strength development can be inhibited. Previous work has 
also demonstrated that the aforementioned inhibition of strength development is dependent 
on the frequency of aerobic training, modality of aerobic training, the relief period between 
strength and aerobic training, and the intra-session sequencing of strength and aerobic 
training. While time constraints and feasibility are important considerations for exercise 
strategies in μG, certain considerations could be made when prescribing concurrent 
strength and aerobic training to those experiencing human space flight. If strength and 
aerobic exercise must be performed in close proximity, strength should precede aerobic 
stimulus. Eccentric strength training methods should be considered to increase mechanical 
load and reduce metabolic cost. For aerobic capacity, maintenance cycle and/or rowing-
based high-intensity intermittent training (HIIT) should be considered and cycle ergometry 
and/or rowing may be preferable to treadmill running.
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EXERCISE COUNTERMEASURES 
DURING HUMAN SPACE FLIGHT AND 
MICROGRAVITY

Human space flight and microgravity (μG) environments present 
numerous physical challenges (Petersen et al., 2016). A common, 
yet troublesome symptom of μG environments is the decline 
in skeletal muscle mass and strength (Riley et  al., 2000; Fitts 
et  al., 2010). This decline is attributable to μG rendering the 
body and other objects weightless, negating the requirement 
for muscular contractile forces to elicit movement of the body 
or external objects (Lackner and DiZio, 1996). Strength qualities 
are important for situations such as emergency egress, in flight 
maneuvers and returning to weight-bearing terrestrial 
environments (Laughlin et  al., 2015). In addition, aerobic 
capabilities are required to sustain functional capacities and 
conduct activities such as prolonged space walks (Hackney 
et  al., 2015; Hayes, 2015). As such, strategies are needed to 
maintain both strength and aerobic type physical qualities in 
μG environments.

Early work examined the effects of resistance exercise strategies 
on the maintenance of muscle integrity in crew members 
experiencing imposed bed rest. It was reported that strength 
training methods resulted in maintenance of muscle integrity 
during prolonged periods of bed rest (Brannon et  al., 1963). 
These findings lead to subsequent work on exercise in actual 
or simulated μG, rather than using bed rest as a proxy (Zamparo 
et  al., 1992; Murthy et  al., 1994). Initially, exercise strategies 
for those experiencing μG involved a combination of continuous 
aerobic exercise via loaded cycling and running and walking 
on a treadmill with numerous bungee cords and restraints. 
Rudimentary strength training strategies using bungee cords 
were also prescribed (Kozlovskaya et  al., 1995). While it was 
reported that such strategies could promote maintenance of 
muscle quality, subsequent work demonstrated that this may 
not always be  the case. Trappe et  al. (2009) documented the 
exercise program undertaken by crew members aboard the 
International Space Station (ISS) and examined its effectiveness 
for preserving calf muscle characteristics. It was reported that 
during the 6-month period, crew members engaged in 
~5 days week−1 of moderate aerobic exercise and 3–6 days week−1 
of resistance training. After 6 months, crew members experienced 
reduction in calf muscle mass and performance, indicating 
that the strength and aerobic stimuli reported here were 
insufficient to maintain muscle integrity. Following this work, 
it was proposed that future long duration space missions should 
modify exercise prescription. Subsequently, the Integrated 
Resistance and Aerobic Training protocol (SPRINT) was 
constructed. The SPRINT protocol was based on previous work 
into exercise and muscle fiber function in those experiencing 
bed rest (Trappe et  al., 2004, 2008). The SPRINT protocol is 
notably different to the previous μG exercise prescriptions and 
is characterized by alternative days of strength and continuous 
aerobic exercise and interval type aerobic exercise (Murach 
et  al., 2018). It is apparent that those preparing for and 
experiencing human space flight are required to train concurrently 

for the development and maintenance of strength and aerobic 
qualities. Furthermore, if these concurrent training strategies 
are to be delivered efficiently to maximize strength and aerobic 
development, certain program variables need to be considered.

CONCURRENT STRENGTH AND 
ENDURANCE TRAINING AND ITS 
“INTERFERENCE EFFECT”

Training for the maintenance and/or development of both 
strength and aerobic physical qualities is termed “concurrent 
training” and has been associated with suboptimal strength 
adaptations when compared with strength training performed 
in isolation (Hickson, 1980; Methenitis, 2018; Murlasits et  al., 
2018). While combining strength and aerobic training does 
not appear problematic in untrained populations, challenges 
are presented in well-trained individuals such as crew members. 
Previous work has reported crew members to possess good 
strength capabilities (lower body power  =  ~2,000  W, upper 
body power = ~1,000 W, lower body maximum isometric force 
~2,200  N, and vertical jump  =  ~40  cm) (Loehr et  al., 2011; 
English et  al., 2015; Mulavara et  al., 2018). In addition, it has 
been reported that crew members also exhibit heightened 
aerobic capabilities (aerobic capacity index  =  ~4.0  L  min−1 for 
males and ~2.5  L  min−1 for females) (Moore et  al., 2015).

The muted strength development associated with concurrent 
strength and aerobic training is termed “interference effect” 
(Hickson, 1980). Combining strength and aerobic training is 
potentially challenging as there is requirement for crew members 
to train concurrently in μG environments in order to maintain 
muscle mass and contractile strength. This presents a potential 
issue for the crew members operating in μG environments where 
the strength training stimulus can be compromised by the aerobic 
type stimulus. Crew members have limited time to perform 
exercise regimens; therefore, it is essential that any exercise 
training performed has a positive influence on the individual’s 
functional capabilities. As concurrent training might elicit 
suboptimal strength adaptations, it is reasonable to suggest that 
concurrent training is not as effective as separated training 
sessions, and may not always be  appropriate for crew members 
seeking to maintain physical performance in μG. However, in 
the reality of space flight, most daily exercise sessions are preferably 
performed within the same session by crew members, in order 
to remain time efficient for their duties on board the space station.

Previous work investigating concurrent training and the 
interference effect has indicated that the presence and magnitude 
of any blunted strength adaptations are influenced by program 
variables including volume, frequency, and modality of aerobic 
training and the order of strength and aerobic stimulus (Wilson 
et  al., 2012; Jones et  al., 2013, 2016; Eddens et  al., 2018). 
Figure 1 summarizes how program variables can contribute 
to interference characteristics.

It is also worth noting that a large body of evidence has 
demonstrated that strength training can positively affect 
endurance performance. Augmented performance is typically 
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via improvements in economy/efficiency (Mikkola et  al., 2007; 
Barnes et  al., 2013; Barnes and Kilding, 2015). Conversely, a 
recent review has suggested that if aerobic training is repeatedly 
performed under strength training-induced residual fatigue, 
aerobic type performance may be  compromised (Doma et  al., 
2019). While this may be problematic, it is reasonable to suggest 
that if a sufficient recovery period is permitted between training 
modalities, any potential negative effect of strength training 
on aerobic adaptation may be  avoided.

PROGRAM VARIABLES

Training Volume
The volume and frequency of aerobic training performed within 
a concurrent training regimen may be  key program variables 
that influence any impaired strength development and/or 
maintenance (Wilson et  al., 2012; Jones et  al., 2013, 2016), 
volume being the total time of aerobic training and frequency 
being the number of aerobic sessions. Higher volumes of aerobic 
training tend to result in more pronounced inhibition of strength 
development. Research employing differing ratios of strength 
and aerobic training reported strength development to be similar 
in those who performed strength training alone and concurrent 
training at a ratio of 3:1  in favor of strength training (Jones 
et  al., 2013, 2016). By contrast, those who performed equal 
frequencies of strength and aerobic training (three sessions 
per week of both strength and aerobic training) experienced 
smaller increases in maximal strength than those who performed 
strength training alone and those who performed three strength 
sessions per week and one aerobic session (ratio of 3:1). 
This impact of aerobic training frequency on strength 

development was observed following both isolated limb (Jones 
et  al., 2013) and multi-joint (Jones et  al., 2016) training 
interventions. Following the multi-joint intervention, those who 
performed three strength and three aerobic sessions per week 
not only experienced impaired strength development but also 
elevations in basal cortisol levels (Jones et  al., 2016). It is 
reasonable to suggest that the muted strength development 
following higher frequencies and volumes of strength and 
aerobic training may be  attributable to elevated physical stress.

A meta-analysis has indicated that longer durations of aerobic 
stimulus can result in greater inhibition of strength development 
(Wilson et  al., 2012). However, there is a caveat to this fact. 
Previous work has reported that the soleus muscle is highly 
susceptible to unloading due to its oxidative nature (Gallagher 
et  al., 2005; Trappe et  al., 2008); it was also reported that to 
maintain integrity of the soleus muscle, higher volumes of 
stimulation are required. As such, it appears that the role of 
volume in interference and the maintenance of physical qualities 
may be  specific to individual muscle groups.

The current guidelines for exercise during human space flight 
involve concurrent strength and aerobic training, with strength 
training contributing to 54% of the total training volume for 
European Space Agency (ESA) Crews (Petersen et  al., 2016). 
However, these relative contributions may depend on the individual 
training protocol and also may vary between crew members 
of different space agencies. Separate work has also indicated 
that these concurrent strategies are high in frequency, with two 
(one strength and one aerobic) sessions a day being performed 
6 days week−1 (Loehr et  al., 2015). Combined, this may indicate 
that the current situation on ISS of predominantly concurrent 
training during long duration missions might result in impaired 
maintenance of contractile strength and muscle function.  

FIGURE 1 | Heat map of program variables and their contributions to the interference effect. Green, not likely to result in interference; amber, possible to result in 
interference; red, likely to result in interference; ST-END, strength before endurance training; END-ST, endurance before strength training.
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Despite the current prescriptions, it is reasonable to suggest 
that, from a strength perspective, crew members might benefit 
from reducing the volume of aerobic training in order to provide 
adequate stimulus to attenuate losses in aerobic capacity and 
maintain strength. The benefits of this would allow physical 
qualities to be  maintained and reduce the need to consume 
increased oxygen to train aerobically and of course reduce the 
consequent production of CO2; as a consequence, the burden 
of regulating ambient CO2 levels would be  reduced.

Training Modalities
Aboard ISS, the use of two devices for aerobic training (treadmill 
and cycle ergometer) might seem appropriate and provide a 
variety of aerobic stimuli. It is not only aerobic exercise volume/
frequency that impacts on the magnitude of the interference 
effect. A meta-analysis has indicated the modality of aerobic 
exercise stimulus influences interference characteristics (Wilson 
et  al., 2012). The meta-analysis of 21 studies reported running 
to negatively impact on strength development but not cycling 
(Wilson et  al., 2012). As such, it is logical that in μG 
environments, cycle ergometry would be  more conducive to 
maintaining strength than treadmill running. Furthermore, 
there is no evidence to suggest that continuous or intermittent 
rowing results in any inference characteristics. In fact, recent 
work has indicated that resistance training using a gravity-
independent flywheel and aerobic training via continuous and 
intermittent rowing was able to preserve several key muscle 
characteristics during 70 days of bed rest (Murach et al., 2018). 
It should also be  noted that Murach et  al. (2018) observed 
a combination of eccentric strength training and intermittent 
rowing successfully preserved muscular integrity of the soleus.

As previously stated, the soleus responds differently to other 
muscle groups to μG and exercise exposures (Gallagher et  al., 
2005; Trappe et al., 2008). It is possible that mechanical loading-
based aerobic exercise like running can better maintain the 
qualities of the soleus in μG. An additional meta-analysis has 
indicated that if running is performed as high-intensity 
intermittent training (HIIT), then inference characteristics can 
be  avoided (Sabag et  al., 2018). As such, in some cases, HIIT 
running may be  a viable aerobic training strategy.

The current time allocation for exercise aboard the ISS is 
2.5  h  day−1. However, in future human exploration missions, it 
is possible that greater restrictions will be  placed on exercise 
time. If this is the case, it is imperative that any exercise performed 
does not inhibit the maintenance of other physical qualities. 
Irrespective of whether exercise time on long duration missions 
is reduced, to maintain physical health and functionality, crew 
members will still be  required to perform strength and aerobic 
training. If time available to exercise is reduced, the nature of 
the training, would of course, needs to be  streamlined. From a 
strength perspective, the implementation of eccentric training 
methods (given that the injury risk remains low) may be beneficial. 
Eccentric muscle actions have the potential to produce high forces 
(when compared with concentric contractions) with low metabolic 
costs (McHugh et al., 2002) and hence reduce the increase oxygen 
cost. Furthermore, the nature of eccentric training methods could 
be well suited to μG environments. Data pooled from nine studies 

have indicated that iso-inertial flywheel resistance training involving 
eccentric overload triggers greater skeletal muscle adaptations 
(strength, power, and muscle mass) compared to gravity-dependent 
resistance training paradigms (Maroto-Izquierdo et  al., 2017). As 
eccentric training elicits higher forces with greater skeletal muscle 
adaptation, it could be  argued that maintenance of strength type 
qualities in μG environments could be  achieved more efficiently 
with eccentric strength training methods. Furthermore, there is 
no evidence that eccentric strength training methods combined 
with aerobic training results in muted strength development. 
Concurrent training studies involving primarily or ideally exclusively 
eccentric training methods would provide useable inferences for 
practitioners supporting crew members who experience μG 
environments. In addition, there is also evidence that acute 
eccentric training improves mitochondrial calcium homeostasis 
and may stabilize mitochondrial respiratory function (Rattray 
et  al., 2013). This could suggest that concurrent training with 
eccentric strength training may have additional benefits.

Currently, during long duration missions, crew members 
perform a combination of steady-state and interval aerobic training 
(Loehr et  al., 2015). If time available to exercise is reduced, 
HIIT strategies could be considered. Previous work has indicated 
that HIIT can be  equally effective as continuous training for 
improving aerobic capacity, despite HIIT duration and volume 
being much lower than that of continuous training (Tabata et al., 
1996; Gibala et  al., 2006). Furthermore, when matched for total 
volume, HIIT has been reported to improve aerobic capacity 
to a greater extent that moderate-intensity training (Helgerud 
et  al., 2007). Not only does HIIT appear to be  a viable option 
for aerobic exercise under greater time constraints, there is also 
no evidence that short duration HIIT results in impaired strength 
responses in concurrent training regimens.

Scheduling of Strength and Aerobic Training
In addition to frequency, volume, and modality of aerobic type 
stimulus, the order in which strength and aerobic training are 
performed can also influence the adaptations to concurrent 
training. A recent meta-analysis examined whether intra-session 
concurrent exercise sequence modulates strength-based outcomes 
associated with the interference effect (Eddens et  al., 2018). 
The analysis indicated that strength followed by aerobic exercise 
is more favorable for improving dynamic strength than vice 
versa. It is likely that this is due to strength training being 
more effective when performed in a non-fatigued state (i.e., 
not following prior aerobic exercise) (Sporer and Wenger, 2003). 
In addition, it is unlikely that aerobic training involving the 
lower body musculature impacts upper body strength (Jones 
et  al., 2016). Due to the nature of human space flight and 
long duration missions, it is inevitable that any exercise performed 
will be placed under strict time constraints. It has been reported 
that during human space flight, strength and aerobic training 
can take place “back-to-back” or in close proximity with minimal 
relief period between training modalities (Petersen et al., 2016). 
Previous work has indicated that the relief period between 
strength and aerobic training (even when strength is conducted 
prior to aerobic training) can influence both acute and chronic 
strength performance and adaptations (Docherty and Sporer, 
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2000; Sporer and Wenger, 2003; Robineau et al., 2016). Previous 
work has indicated that strength and aerobic stimuli should 
be  separated by ≥6  h if impairments in strength development 
are to be avoided (García-Pallarés and Izquierdo, 2011; Robineau 
et  al., 2016). This suggestion is supported by recent work 
indicating that combined strength and continuous and intermittent 
rowing conducted with a 4-h relief period resulted in maintenance 
of muscle characteristics during 70  days of bed rest (Murach 
et  al., 2018). These data indicate that if time constraints are a 
concern, a 4-h relief period between strength and aerobic stimuli 
is permissible. It is also perhaps reasonable to suggest that 
aerobic training primarily involving the lower body musculature 
(e.g., cycling) could be followed by upper body strength training.

RECOMMENDATIONS FOR 
PROGRAMMING AND FUTURE 
RESEARCH

To conclude, it appears that the volume, frequency, order, and 
modality of strength and aerobic training can influence the responses 
to combined strength and aerobic training. Based on what is 
known about combining strength and aerobic training in terrestrial 
environments, evidence-based programming recommendations can 
be  made regarding concurrent training in μG. It should however 
be  noted that these are general recommendations and may not 
necessarily apply to all muscle groups.

The aim of these recommendations is to promote maintenance 
of strength and aerobic qualities, while minimizing the potential 
confounding factors associated with concurrent training:

 •  If strength and aerobic exercise must be performed in close 
proximity, strength should precede the aerobic stimulus. 
However, if possible, a 4-h relief period should be permitted.

 •  For aerobic capacity maintenance, cycle ergometry and/or 
rowing may be preferable to treadmill running.

 •  Eccentric strength training methods should be considered to 
increase mechanical load and reduce metabolic cost.

 •  For aerobic capacity, maintenance cycle and/or rowing-based 
HIIT should be considered.

The effects of differing concurrent training strategies in μG 
environments have not been investigated, and there are 
limited opportunities to perform controlled intervention 
studies in a μG environment. This is because flight rules 
and medical requirements on the ISS stipulate that 
crewmembers must conduct exercise strategies designed to 
counteract the negative effects of μG (and no crew wants 
to take the risk of serious deconditioning). Therefore, the 
opportunities to manipulate program variables and have 
individuals performing different exercise strategies within 
the same long-duration mission are limited. As such, presently 
we  must refer to what we  know about combining strength 
and aerobic training in terrestrial environments and apply 
these to μG paradigms. It is also not unreasonable to speculate 
that the elevated physical stress associated with μG 
environments may result in a more pronounced interference 
effect. As such, future work should perhaps compare the 
current exercise prescription of exercise in μG against a 
concurrent strength and aerobic regimen specifically designed 
to avoid any interference characteristics.

Future research into exercise countermeasure for human 
space flight may seek to address the following questions:

 •  Do high volumes of aerobic training result in inhibited 
strength development/maintenance in μG?

 •  Do frequency, order, and modality of strength and aerobic 
training influence any inhibited strength development/
maintenance in μG?

 •  Are eccentric training methods compatible with aerobic 
training in μG environments?

AUTHOR CONTRIBUTIONS

TJ and GH wrote the initial drafts with NP reviewing drafts.

FUNDING

The publication fees of this article are funded by the European 
Space Agency.

 

REFERENCES

Barnes, K. R., Hopkins, W. G., McGuigan, M. R., Northuis, M. E., and 
Kilding, A. E. (2013). Effects of resistance training on running economy 
and cross-country performance. Med. Sci. Sports Exerc. 45, 2322–2331. doi: 
10.1249/MSS.0b013e31829af603

Barnes, K. R., and Kilding, A. E. (2015). Strategies to improve running economy. 
Sports Med. 45, 37–56. doi: 10.1007/s40279-014-0246-y

Brannon, E. W., Rockwood, C. A., and Potts, P. (1963). The influence of 
specific exercises in the prevention of debilitating musculoskeletal disorders; 
implication in physiological conditioning for prolonged weightlessness. 
Aerosp. Med. 34, 900–906. Available at: http://www.ncbi.nlm.nih.gov/
pubmed/14050675

Docherty, D., and Sporer, B. (2000). A proposed model for examining the 
interference phenomenon between concurrent aerobic and strength training. 
Sports Med. 30, 385–394. doi: 10.2165/00007256-200030060-00001

Doma, K., Deakin, G. B., Schumann, M., and Bentley, D. J. (2019). Training 
considerations for optimising endurance development: an alternate concurrent 
training perspective. Sports Med. 49, 669–682. doi: 10.1007/s40279-019-01072-2

Eddens, L., van Someren, K., and Howatson, G. (2018). The role of intra-
session exercise sequence in the interference effect: a systematic review with 
meta-analysis. Sports Med. 48, 177–188. doi: 10.1007/s40279-017-0784-1

English, K. L., Lee, S. M. C., Loehr, J. A., Ploutz-Snyder, R. J., and 
Ploutz-Snyder, L. L. (2015). Isokinetic strength changes following long-duration 
spaceflight on the ISS. Aerosp. Med. Hum. Perform. 86, 68–77. doi: 10.3357/
AMHP.EC09.2015

Fitts, R. H., Trappe, S. W., Costill, D. L., Gallagher, P. M., Creer, A. C., 
Colloton, P. A., et al. (2010). Prolonged space flight-induced alterations in 
the structure and function of human skeletal muscle fibres. J. Physiol. 588, 
3567–3592. doi: 10.1113/jphysiol.2010.188508

Gallagher, P., Trappe, S., Harber, M., Creer, A., Mazzetti, S., Trappe, T., 
et al. (2005). Effects of 84-days of bedrest and resistance training on 
single muscle fibre myosin heavy chain distribution in human vastus 

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1249/MSS.0b013e31829af603
https://doi.org/10.1007/s40279-014-0246-y
http://www.ncbi.nlm.nih.gov/pubmed/14050675
http://www.ncbi.nlm.nih.gov/pubmed/14050675
https://doi.org/10.2165/00007256-200030060-00001
https://doi.org/10.1007/s40279-019-01072-2
https://doi.org/10.1007/s40279-017-0784-1
https://doi.org/10.3357/AMHP.EC09.2015
https://doi.org/10.3357/AMHP.EC09.2015
https://doi.org/10.1113/jphysiol.2010.188508


Jones et al. Concurrent Training in Microgravity Environments

Frontiers in Physiology | www.frontiersin.org 6 May 2019 | Volume 10 | Article 584

lateralis and soleus muscles. Acta Physiol. Scand. 185, 61–69. doi: 10.1111/j.
1365-201X.2005.01457.x

García-Pallarés, J., and Izquierdo, M. (2011). Strategies to optimize concurrent 
training of strength and aerobic fitness for rowing and canoeing. Sports 
Med. 41, 329–343. doi: 10.2165/11539690-000000000-00000

Gibala, M. J., Little, J. P., van Essen, M., Wilkin, G. P., Burgomaster, K. A., 
Safdar, A., et al. (2006). Short-term sprint interval versus traditional 
endurance training: similar initial adaptations in human skeletal muscle 
and exercise performance. J. Physiol. 575, 901–911. doi: 10.1113/
jphysiol.2006.112094

Hackney, K. J., Scott, J. M., Hanson, A. M., English, K. L., Downs, M. E., 
and Ploutz-Snyder, L. L. (2015). The astronaut-athlete: optimizing human 
performance in space. J. Strength Cond. Res. 29, 3531–3545. doi: 10.1519/
JSC.0000000000001191

Hayes, J. (2015). The first decade of ISS exercise: lessons learned on expeditions 
1–25. Aerosp. Med. Hum. Perform. 86, 1–6. doi: 10.3357/AMHP.EC01.2015

Helgerud, J., Høydal, K., Wang, E., Karlsen, T., Berg, P., Bjerkaas, M., et al. 
(2007). Aerobic high-intensity intervals improve VO2max more than moderate 
training. Med. Sci. Sports Exerc. 39, 665–671. doi: 10.1249/mss.0b013e3180304570

Hickson, R. C. (1980). Interference of strength development by simultaneously 
training for strength and endurance. Eur. J. Appl. Physiol. Occup. Physiol. 
45, 255–263. doi: 10.1007/BF00421333

Jones, T. W., Howatson, G., Russell, M., and French, D. N. (2013). Performance 
and neuromuscular adaptations following differing ratios of concurrent strength 
and endurance training. J. Strength Cond. Res. 27, 3342–3351. doi: 10.1519/
JSC.0b013e3181b2cf39

Jones, T. W., Howatson, G., Russell, M., and French, D. N. (2016). Performance 
and endocrine responses to differing ratios of concurrent strength and endurance 
training. J. Strength Cond. Res. 30, 693–702. doi: 10.1519/JSC.0000000000001135

Kozlovskaya, I. B., Grigoriev, A. I., and Stepantzov, V. I. (1995). Countermeasure 
of the negative effects of weightlessness on physical systems in long-term 
space flights. Acta Astronaut. 36, 661–668. doi: 10.1016/0094-5765(95)00156-5

Lackner, J. R., and DiZio, P. (1996). Motor function in microgravity: movement 
in weightlessness. Curr. Opin. Neurobiol. 6, 744–750. doi: 10.1016/S0959-4388 
(96)80023-7

Laughlin, M. S., Guilliams, M. E., Nieschwitz, B. A., and Hoellen, D. (2015). 
Functional fitness testing results following long-duration ISS missions. Aerosp. 
Med. Hum. Perform. 86, 87–91. doi: 10.3357/AMHP.EC11.2015

Loehr, J. A., Guilliams, M. E., Petersen, N., Hirsch, N., Kawashima, S., and 
Ohshima, H. (2015). Physical training for long-duration spaceflight. Aerosp. 
Med. Hum. Perform. 86, 14–23. doi: 10.3357/AMHP.EC03.2015

Loehr, J. A., Lee, S. M. C., English, K. L., Sibonga, J., Smith, S. M., Spiering, B. A., 
et al. (2011). Musculoskeletal adaptations to training with the advanced 
resistive exercise device. Med. Sci. Sports Exerc. 43, 146–156. doi: 10.1249/
MSS.0b013e3181e4f161

Maroto-Izquierdo, S., García-López, D., Fernandez-Gonzalo, R., 
Moreira, O. C., González-Gallego, J., and de Paz, J. A. (2017). Skeletal 
muscle functional and structural adaptations after eccentric overload flywheel 
resistance training: a systematic review and meta-analysis. J. Sci. Med. Sport 
20, 943–951. doi: 10.1016/j.jsams.2017.03.004

McHugh, M. P., Tyler, T. F., Greenberg, S. C., and Gleim, G. W. (2002). 
Differences in activation patterns between eccentric and concentric quadriceps 
contractions. J. Sports Sci. 20, 83–91. doi: 10.1080/026404102317200792

Methenitis, S. (2018). A brief review on concurrent training: from laboratory 
to the field. Sports 6:E127. doi: 10.3390/sports6040127

Mikkola, J., Rusko, H., Nummela, A., Pollari, T., and Häkkinen, K. (2007). 
Concurrent endurance and explosive type strength training improves 
neuromuscular and anaerobic characteristics in young distance runners. Int. 
J. Sports Med. 28, 602–611. doi: 10.1055/s-2007-964849

Moore, A. D., Lynn, P. A., and Feiveson, A. H. (2015). The first 10 years of 
aerobic exercise responses to long-duration ISS flights. Aerosp. Med. Hum. 
Perform. 86, 78–86. doi: 10.3357/AMHP.EC10.2015

Mulavara, A. P., Peters, B. T., Miller, C. A., Kofman, I. S., Reschke, M. F., 
Taylor, L. C., et al. (2018). Physiological and functional alterations after 
spaceflight and bed rest. Med. Sci. Sports Exerc. 50, 1961–1980. doi: 10.1249/
MSS.0000000000001615

Murach, K. A., Minchev, K., Grosicki, G. J., Lavin, K. M., Perkins, R. K., 
Ryder, J. W., et al. (2018). Myocellular responses to concurrent flywheel 
training during 70 days of bed rest. Med. Sci. Sports Exerc. 50, 1950–1960. 
doi: 10.1249/MSS.0000000000001620

Murlasits, Z., Kneffel, Z., and Thalib, L. (2018). The physiological effects of 
concurrent strength and endurance training sequence: a systematic review and 
meta-analysis. J. Sports Sci. 36, 1212–1219. doi: 10.1080/02640414.2017.1364405

Murthy, G., Watenpaugh, D. E., Ballard, R. E., and Hargens, A. R. (1994). 
Exercise against lower body negative pressure as a countermeasure for 
cardiovascular and musculoskeletal deconditioning. Acta Astronaut. 33, 
89–96. doi: 10.1016/0094-5765(94)90112-0

Petersen, N., Jaekel, P., Rosenberger, A., Weber, T., Scott, J., Castrucci, F., et al. 
(2016). Exercise in space: the European Space Agency approach to in-flight 
exercise countermeasures for long-duration missions on ISS. Extrem. Physiol. 
Med. 5:9. doi: 10.1186/s13728-016-0050-4

Rattray, B., Thompson, M., Ruell, P., and Caillaud, C. (2013). Specific training 
improves skeletal muscle mitochondrial calcium homeostasis after eccentric 
exercise. Eur. J. Appl. Physiol. 113, 427–436. doi: 10.1007/s00421-012-2446-1

Riley, D. A., Bain, J. L., Thompson, J. L., Fitts, R. H., Widrick, J. J., Trappe, S. W., 
et al. (2000). Decreased thin filament density and length in human atrophic 
soleus muscle fibers after spaceflight. J. Appl. Physiol. 88, 567–572. doi: 
10.1152/jappl.2000.88.2.567

Robineau, J., Babault, N., Piscione, J., Lacome, M., and Bigard, A. X. (2016). 
Specific training effects of concurrent aerobic and strength exercises depend 
on recovery duration. J. Strength Cond. Res. 30, 672–683. doi: 10.1519/
JSC.0000000000000798

Sabag, A., Najafi, A., Michael, S., Esgin, T., Halaki, M., and Hackett, D. (2018). 
The compatibility of concurrent high intensity interval training and resistance 
training for muscular strength and hypertrophy: a systematic review and 
meta-analysis. J. Sports Sci. 36, 2472–2483. doi: 10.1080/02640414.2018.1464636

Sporer, B. C., and Wenger, H. A. (2003). Effects of aerobic exercise on strength 
performance following various periods of recovery. J. Strength Cond. Res. 
17, 638–644. doi: 10.1519/1533-4287(2003)017<0638:EOAEOS>2.0.CO;2

Tabata, I., Nishimura, K., Kouzaki, M., Hirai, Y., Ogita, F., Miyachi, M., et al. 
(1996). Effects of moderate-intensity endurance and high-intensity intermittent 
training on anaerobic capacity and VO2max. Med. Sci. Sports Exerc. 28, 
1327–1330. doi: 10.1097/00005768-199610000-00018

Trappe, S., Costill, D., Gallagher, P., Creer, A., Peters, J. R., Evans, H., et al. 
(2009). Exercise in space: human skeletal muscle after 6 months aboard 
the international Space Station. J. Appl. Physiol. 106, 1159–1168. doi: 10.1152/
japplphysiol.91578.2008

Trappe, S., Creer, A., Minchev, K., Slivka, D., Louis, E., Luden, N., et al. 
(2008). Human soleus single muscle fiber function with exercise or nutrition 
countermeasures during 60 days of bed rest. Am. J. Physiol. Regul. Integr. 
Comp. Physiol. 294, R939–R947. doi: 10.1152/ajpregu.00761.2007

Trappe, S., Trappe, T., Gallagher, P., Harber, M., Alkner, B., and Tesch, P. 
(2004). Human single muscle fibre function with 84 day bed-rest and 
resistance exercise. J. Physiol. 557, 501–513. doi: 10.1113/jphysiol.2004.062166

Wilson, J. M., Marin, P. J., Rhea, M. R., Wilson, S. M. C., Loenneke, J. P., 
and Anderson, J. C. (2012). Concurrent training: a meta-analysis examining 
interference of aerobic and resistance exercises. J. Strength Cond. Res. 26, 
2293–2307. doi: 10.1519/JSC.0b013e31823a3e2d

Zamparo, P., Capelli, C., and Antonutto, G. (1992). Blood lactate during leg exercise 
in microgravity. Acta Astronaut. 27, 61–64. doi: 10.1016/0094-5765(92)90177-K

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 Jones, Petersen and Howatson. 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/10.1111/j.1365-201X.2005.01457.x
https://doi.org/10.1111/j.1365-201X.2005.01457.x
https://doi.org/10.2165/11539690-000000000-00000
https://doi.org/10.1113/jphysiol.2006.112094
https://doi.org/10.1113/jphysiol.2006.112094
https://doi.org/10.1519/JSC.0000000000001191
https://doi.org/10.1519/JSC.0000000000001191
https://doi.org/10.3357/AMHP.EC01.2015
https://doi.org/10.1249/mss.0b013e3180304570
https://doi.org/10.1007/BF00421333
https://doi.org/10.1519/JSC.0b013e3181b2cf39
https://doi.org/10.1519/JSC.0b013e3181b2cf39
https://doi.org/10.1519/JSC.0000000000001135
https://doi.org/10.1016/0094-5765(95)00156-5
https://doi.org/10.1016/S0959-4388(96)80023-7
https://doi.org/10.1016/S0959-4388(96)80023-7
https://doi.org/10.3357/AMHP.EC11.2015
https://doi.org/10.3357/AMHP.EC03.2015
https://doi.org/10.1249/MSS.0b013e3181e4f161
https://doi.org/10.1249/MSS.0b013e3181e4f161
https://doi.org/10.1016/j.jsams.2017.03.004
https://doi.org/10.1080/026404102317200792
https://doi.org/10.3390/sports6040127
https://doi.org/10.1055/s-2007-964849
https://doi.org/10.3357/AMHP.EC10.2015
https://doi.org/10.1249/MSS.0000000000001615
https://doi.org/10.1249/MSS.0000000000001615
https://doi.org/10.1249/MSS.0000000000001620
https://doi.org/10.1080/02640414.2017.1364405
https://doi.org/10.1016/0094-5765(94)90112-0
https://doi.org/9
https://doi.org/10.1186/s13728-016-0050-4
https://doi.org/10.1007/s00421-012-2446-1
https://doi.org/10.1152/jappl.2000.88.2.567
https://doi.org/10.1519/JSC.0000000000000798
https://doi.org/10.1519/JSC.0000000000000798
https://doi.org/10.1080/02640414.2018.1464636
https://doi.org/10.1519/1533-4287(2003)017<0638:EOAEOS>2.0.CO;2
https://doi.org/10.1097/00005768-199610000-00018
https://doi.org/10.1152/japplphysiol.91578.2008
https://doi.org/10.1152/japplphysiol.91578.2008
https://doi.org/10.1152/ajpregu.00761.2007
https://doi.org/10.1113/jphysiol.2004.062166
https://doi.org/10.1519/JSC.0b013e31823a3e2d
https://doi.org/10.1016/0094-5765(92)90177-K
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Optimization of Exercise Countermeasures for Human Space Flight: Operational Considerations for Concurrent Strength and 
Aerobic Training
	Exercise Countermeasures During Human Space Flight and Microgravity
	Concurrent Strength and Endurance Training and Its “Interference Effect”
	Program Variables
	Training Volume
	Training Modalities
	Scheduling of Strength and Aerobic Training

	Recommendations for Programming and Future Research
	Author Contributions

	References

