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The European Space Agency has recently announced to progress from low Earth

orbit missions on the International Space Station to other mission scenarios such as

exploration of the Moon or Mars. Therefore, the Moon is considered to be the next

likely target for European human space explorations. Compared to microgravity (µg),

only very little is known about the physiological effects of exposure to partial gravity

(µg < partial gravity <1 g). However, previous research studies and experiences made

during the Apollo missions comprise a valuable source of information that should

be taken into account when planning human space explorations to reduced gravity

environments. This systematic review summarizes the different effects of partial gravity

(0.1–0.4 g) on the human musculoskeletal, cardiovascular and respiratory systems using

data collected during the Apollo missions as well as outcomes from terrestrial models

of reduced gravity with either 1 g or microgravity as a control. The evidence-based

findings seek to facilitate decision making concerning the best medical and exercise

support to maintain astronauts’ health during future missions in partial gravity. The initial

search generated 1,323 publication hits. Out of these 1,323 publications, 43 studies

were included into the present analysis and relevant data were extracted. None of the

43 included studies investigated long-term effects. Studies investigating the immediate

effects of partial gravity exposure reveal that cardiopulmonary parameters such as

heart rate, oxygen consumption, metabolic rate, and cost of transport are reduced

compared to 1 g, whereas stroke volume seems to increase with decreasing gravity

levels. Biomechanical studies reveal that ground reaction forces, mechanical work,

stance phase duration, stride frequency, duty factor and preferred walk-to-run transition

speed are reduced compared to 1 g. Partial gravity exposure below 0.4 g seems to be

insufficient to maintain musculoskeletal and cardiopulmonary properties in the long-term.

To compensate for the anticipated lack of mechanical and metabolic stimuli some form

of exercise countermeasure appears to be necessary in order to maintain reasonable

astronauts’ health, and thus ensure both sufficient work performance and mission safety.
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http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
https://doi.org/10.3389/fphys.2017.00583
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2017.00583&domain=pdf&date_stamp=2017-08-15
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:tobias.weber@wylelabs.de
https://doi.org/10.3389/fphys.2017.00583
http://journal.frontiersin.org/article/10.3389/fphys.2017.00583/abstract
http://loop.frontiersin.org/people/427307/overview
http://loop.frontiersin.org/people/402621/overview
http://loop.frontiersin.org/people/426475/overview
http://loop.frontiersin.org/people/427287/overview


Richter et al. Biomechanics and Energetics in Partial Gravity

INTRODUCTION

It is almost 50 years since July 1969, when Apollo 11 Astronauts
Neil Armstrong and “Buzz” Aldrin were the first human beings to
set foot on the Moon. The Apollo missions can still be regarded
as one of the most exceptional endeavors in human history, not
only from an engineering and technology perspective but also
from a medical and physiological point of view. It was shown
that the human body can adapt to extreme environments outside
of Earth’s protecting atmosphere and its gravitational field with
an acceleration of 9.8 ms−2 (also referred to as 1 g). The Apollo
Astronauts were able to live and work in micro- and partial
gravity without experiencing any significant medical problems,
neither during their (relatively short) missions nor upon their
return to Earth (Berry, 1974).

In 2016 the Director General of the European Space Agency
(ESA) introduced the agency’s plans for the era after the planned
decommissioning of the International Space Station (ISS) in
2024. The plans included going back to the Moon to set up
a permanent habitat on its surface and/or a Cis-Lunar space
station orbiting the Moon (Foing, 2016). It is thought that
a progressively staggered approach using the proposed Lunar
base will allow safer development and testing of hardware and
procedures, toward the ultimate goal of a human space mission
to Mars (Horneck et al., 2003; Goswami et al., 2012).

Astronauts exposed to microgravity (µg) experience
physiological deconditioning (referred to as “space
deconditioning”), in particular with regards to the physiological
systems sensitive to mechanical loading such as the
cardiovascular, pulmonary, neurovestibular, and musculoskeletal
systems (Baker et al., 2008). In order to attenuate these effects,
current ISS Crew members exercise every day for 2.5 h including
preparation time. Current exercise devices used on the ISS are
a cycle ergometer and a treadmill for cardiovascular exercise
(∼1 h) as well as an advanced resistive exercise device (ARED)
for strength training (∼1.5 h) (Loehr et al., 2015; Petersen et al.,
2016). Despite the extensive use of exercise countermeasures,
astronauts still return from 6 months ISS missions showing
space deconditioning effects. Examples of these effects include
decreased calf muscle volume and power, loss of bone mineral
density and reduction of peak oxygen uptake (Trappe et al., 2009;
Moore et al., 2014; Sibonga et al., 2015).

It is understandable that in the past, medical divisions of
space agencies have mainly set their foci of interest on the
physiological effects of µg, to optimize operational procedures,
to better understand the effects of µg on the human body

Abbreviations: µg, Microgravity; ARED, Advanced Resistive Exercise Device;

bpm, Beats per Minute; BW, Body Weight; BWS, Body Weight Support (System);

RCT, Randomized Controlled Trial; CoM, Center of Mass; DLR, German

Aerospace Centre; EMG, Electromyography; ESA, European Space Agency; EVA,

Extravehicular Activity; g, Gravitational Acceleration; GRF, Ground Reaction

Force; h, Hopping; HUT, Head-Up Tilt; ISS, International Space Station; LBPP,

Lower Body Positive Pressure; MeSH, Medical Subject Headings; m/s, Meter

per Second; NASA, National Aeronautics and Space Administration; pg, Partial

Gravity; PICOS, Eligibility Criteria (Population, Intervention, Control, Outcome,

Study Type; PRISMA, Preferred Reporting Items for Systematic Reviews andMeta-

Analyses; PTS , Preferred Walk-to-Run Transition Speed; r, Running; s, Skipping;
w, Walking.

and to mitigate undesirable and harmful effects. Consequently,
compared to the bulk of literature and knowledge generated on
the physiological effects of µg, the consequences of immediate
and chronic partial gravity exposure (µg < partial gravity <1 g)
as present on the Moon (0.16 g) or Mars (0.38 g), are somewhat
understudied (Horneck et al., 2003; Goswami et al., 2012;Widjaja
et al., 2015).

Nonetheless, despite the fact that the knowledge gained
through real partial gravity exposure during the Apollo missions
and through partial gravity analogs is sparse, a first step to direct
future research and to help to better understand physiological
effects of partial gravity should be to gather and synthesize all
available information of experiences made in the past. Logically,
valuable sources of information are the medical data, records and
publications of the Apollo missions conducted in the 1960s and
1970s with up to 75 h of continuous partial gravity exposure
(Johnston and Hull, 1975; Kopanev and Yuganov, 1975) as
well as various terrestrial partial gravity simulations (Figure 1;
Shavelson, 1968; Davis and Cavanagh, 1993; Sylos-Labini et al.,
2014; Salisbury et al., 2015).

The aim of this work was therefore to review all available
information in order to quantify cardiopulmonary and
biomechanical changes expected to occur in partial gravity
environments (0.1–0.4 g). The objectives of the study were to:

1. Systematically review current evidence base to determine
the human cardiopulmonary and biomechanical changes
expected to occur in partial gravity.

2. Use effect sizes to enable direct comparisons of the differences
between partial- and terrestrial gravity and pool results across
multiple studies where possible.

Using the highest standard available to perform systematic
reviews (www.cochrane.org) the synthesized information
presented here shall help to identify knowledge gaps and develop
a better understanding of medical issues that future astronauts
will face when returning to the Moon and eventually advancing
to Mars. Moreover, this systematic review seeks to provide a
working reference for experts designing evidence-based exercise
countermeasures for a Lunar habitat and future long-duration
exploration missions beyond the Moon.

MATERIALS AND METHODS

The present systematic review was conducted following the
guidelines of the Cochrane Collaboration (Higgins and Green,
2011).

Additionally, the PRISMA (preferred reporting items for
systematic reviews and meta-analyses) checklist was used to
ensure transparent and complete reporting (Liberati et al., 2009).

Search Strategy
A range of keywords, grouped by main search terms, was used
in various combinations to search the following databases for
English language articles: Pubmed, Web of Science, Cochrane
Collaboration Library, Institute of Electrical and Electronics
Engineers database as well as ESA’s “Erasmus Experiment
Archive,” the National Aeronautics and Space Administration’s
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FIGURE 1 | Partial gravity simulation models. (A) Vertical body weight support system (modified from Kram et al., 1997) (B) Lower body positive pressure treadmill

(modified from Cutuk et al., 2006) (C) Tilted body weight support system (modified from Sylos-Labini et al., 2013) (D) Supine suspension system (modified from De

Witt et al., 2008) (E) Centrifugation (modified from Katayama et al., 2004) (F) Head-up tilt (modified from Cavanagh et al., 2013) (G) Partial gravity parabolic flight

(according to ESA 1st Joint European Partial Gravity Parabolic Flight Campaign, 2011).

(NASA) “Life Science Data Archive” and “Technical Reports
Server” and the German Aerospace Centre’s (DLR) database
“elib”.

The literature search was performed in March and April
2016 according to the search strategy shown in Table 1. No
restrictions to publication dates were applied. For ESA’s, NASA’s,
and DLR’s internal data archives, the search strategy was altered
and specifically tailored due the inability to use “Boolean logic”
in these databases. For the latter archives, only keywords of the
search term “partial gravity” and/or one of the other synonyms
(as listed in Table 1, search number 1) were used and all relevant
records concerning biomechanics and/or the cardiopulmonary
system were downloaded.

Criteria for Considering Studies for this
Systematic Review
The following eligibility criteria, which specify the types
of included populations, interventions, control conditions,
outcomes and study designs (PICOS) were applied.

Population
The main target group for the present systematic review were
astronauts. However, since most of the included studies were
simulation studies, healthy terrestrial people with no gender
restrictions were included as well.

Interventions
Apollo missions 11–17 with Lunar surface time and
various terrestrial partial gravity simulation models
(Figure 1) were included (see list below). Variations in
terms used for the different methods were at this point
disregarded.

• Vertical body weight support systems
• Lower body positive pressure treadmills
• Tilted body weight support systems
• Supine suspension systems
• Centrifugation
• Head-up tilt
• Partial gravity parabolic flights
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TABLE 1 | Search strategy.

Search number Term Keywords in Boolean search format Search mask

1 Partial gravity “partial gravity” OR “fractional gravity” OR “reduced gravity” OR “lunar gravity” OR “moon gravity”

OR “martian gravity” OR “mars gravity” OR “1/6th gravity” OR “1/6 G” OR “1/3rd gravity” OR “1/3

G” OR “low gravity” OR hypogravity OR “partial-gravity” OR “reduced-gravity” OR “Hypogravity”

[Mesh:NoExp]

Title/ Abstract

2 Musculoskeletal muscle* OR muscle OR bone* OR bone OR skeletal OR musculoskeletal OR “lean body mass” OR

“body composition” OR osteo* OR osteo OR “musculo-skeletal” OR neuromusculoskeletal OR

“Musculoskeletal System” [Mesh]

All Fields

3 Cardiopulmonary cardio* OR cardio OR cardiac OR pulmona* OR pulmonary OR cardiopulmonary OR cardiovascular

OR vascular* OR vascular OR respiratory OR respiration OR physiolog* OR physiological OR

physiology OR heart* OR heart OR blood* OR blood OR capillarisation OR capillary OR myocard*

OR myocard OR arterial OR venous OR orthostatic OR energetic* OR energetic OR energy OR

metabolic OR OR “Cardiovascular System” [Mesh] OR “Blood” [Mesh] OR “Circulatory and

Respiratory Physiological Phenomena” [Mesh]

All Fields

4 Mechanics biomechanic* OR biomechanics OR mechanic* OR mechanic OR locomotion OR gait OR walk*OR

walk OR run* OR run OR jump* OR jump OR landing OR “ground reaction forces” OR impact* OR

impact OR “EMG” OR electromyo* OR electromyography OR “mechanical work” OR kinetics OR

kinematics OR workload OR power OR “Movement” [Mesh] OR “Mechanics” [Mesh] OR

“Mechanical Phenomena” [Mesh]

All Fields

5 Partial g simulations

and methods

(“body weight support” OR harness OR “alterG” OR “water immersion” OR “tilt table” OR “head-up

tilt” OR “parabolic flight” OR “tail suspension” OR “supine suspension” OR “LBPP” OR “lower body

positive pressure” OR “pressure suit” OR “subjects load device” OR centrifug* OR centrifugation OR

“vertical treadmill” OR exoskeleton) AND gravity

All Fields

7 Combined search 1 AND (2 OR 3 OR 4 OR 5)

Keywords were combined using the Boolean operators and grouped by main search terms. Medical Subject Headings (MeSH) as a comprehensive controlled vocabulary for the purpose

of indexing journal articles and books in the life sciences were included in the search strategy. In the Pubmed advanced search builder either ‘Title/Abstract’ or ‘All Fields’ was used.

The combined search allows to screen databases for various combinations of main search terms and their keywords.

Only gravity levels from 0.1 up to 0.4 g were reviewed. Due to the
varying gravity levels investigated in the reviewed studies, out of
this range three different “gravity-groups” were determined with
gravity conditions expressed either as the physical gravitational
constant “g” or as percent of body weight (BW), applied body
weight support (BWS) or degree of head-up tilt angles (HUT):

• Lunar gravity: 0.10–0.20 g : 10–20% BW : 90–80% BWS :
9.5–11◦ HUT

• Martian gravity: 0.30–0.40 g: 30–40% BW: 70–60% BWS:
20–22◦ HUT

• In between: 0.25 g: 25% BW: 75% BWS: 14.5◦ HUT.

Control Conditions
Terrestrial gravity (1 g) and microgravity (µg) were used as
control conditions.

Outcomes
To be included, studies had to contain outcomes linked
to energetics and/ or biomechanics. A full list of outcome
parameters is presented in Table 2.

Study Designs
All types of experimental studies were included.

Data Collection and Analysis
Study Selection
Studies were screened by the lead author and one other
independent reviewer using the Rayyan web application (https://
rayyan.qcri.org/) (Elmagarmid et al., 2014). The initial screening
was performed using titles and abstracts. Considering the
main research question of the present study (which human
biomechanical and cardiopulmonary changes occur due to
partial gravity exposure?) relevant articles were included. Articles
were excluded if titles and/or abstracts were considered as clearly
irrelevant. This was the case if titles and abstract did not reveal a
direct link to the previously defined PICOS. Any uncertainties
of study inclusion or exclusion were discussed consulting a
third expert reviewer. Full-text articles were obtained in case
the initial screening was unclear and were downloaded for all
other included studies. After screening the full-text resources a
further round of exclusion took place. The complete systematic
literature screening and exclusion process is illustrated in
Figure 2.

Data Extraction and Management
Data extraction from each study was performed using an adapted
version of the Cochrane Collaboration’s ‘Data collection form for
intervention reviews: RCTs and non-RCTs’, version 3, April 2014
(RCT: randomized controlled trial).
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TABLE 2 | Outcome parameters for studies to be included.

Field Subfield Specific outcome parameters

Energetics Cardiovascular and

haemodynamic properties

heart rate, heart rate variability, stroke volume, cardiac output, ejection fraction, left ventricular systolic volumes,

left ventricular diastolic volumes, left artrial dimension, systolic blood pressure, diastolic blood pressure, mean

arterial blood pressure, pulse pressure, total peripheral resistance, blood flow volume, blood flow velocity, venous

diameter, venous emptying volume, venous emptying time, bioelectrical impedance, blood volume, plasma

volume, arteriovenous oxygen difference

Pulmonary and metabolic

properties

oxygen consumption, carbon dioxide production, respiratory rate, tidal volume, respiratory minute volume,

respiratory quotient, respiratory gas exchange ratio, metabolic rate, locomotion efficiency, cost of transport

Biomechanics Morphology muscle volume, fiber type composition, physiological cross sectional area, anatomical cross sectional area,

pennation angle, muscle fiber length, tendon stiffness, bone mineral density

Kinematics center of mass (CoM) velocity, CoM waveform, CoM energy level, CoM mechanical work, CoM mechanical power,

joint angle, angular velocity, angular waveform, ground contact time, flight time, duty factor, frequency, cadence,

stride length, step length, preferred walk-to-run transition speed

Kinetics muscle force, joint moments, joint stiffness, peaks and magnitudes of horizontal (mediolateral and

anterior-posterior) ground reaction forces (GRF), vertical GRF, GRF impulses

Activation Pattern muscle activation pattern, H-Reflex and M-Wave (electrical peripheral nerve stimulation)

Outcomes are divided into the two main groups “energetics” and “biomechanics” and further into subgroups with more specific outcome measurements.

FIGURE 2 | Search and screening strategy and numbers.
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Assessment of Risk of Bias in Included Studies
The Cochrane Collaboration’s risk of bias analysis tool was used
to assess the quality of included studies. Uncertainties were
discussed with a third reviewer. As the study types of included
studies were mainly case series without a separated control
group [for study classification see also: “2009 Updated Method
Guidelines for Systematic Reviews in the Cochrane Back Review
Group” by Furlan et al. (2009)] and with small sample sizes,
often not much information to allow for objective judgment was
provided. A “+” stands for low risk, “−” for high risk and “?”
for unclear risk. For the studies that are case series, no risks of
random sequence generation and allocation concealment can be
assessed (NA–not applicable, see Table 3).

Quality Appraisal of Technical Principles to Simulate

Partial Gravity
There is limited high quality research on changes in energetics
and biomechanics in humans due to exposure to partial gravity.
Main problems are logistical limitations, limited numbers of
participants and a diversity of simulation models. Therefore,
no tools for assessing partial gravity methodological quality
are available except for the approach of Chappell and Klaus
(2013) who characterized models allowing locomotion of being
good or poor in reproducing factors associated with partial
gravity (Chappell and Klaus, 2013). Since there was a lack of
completeness in Chappell and Klaus (2013) it was decided for
this review to develop a new rating scale of included technical
principles with partial gravity parabolic flights set as a gold
standard (see Table 4). The underlying assumption of this tool
is how well the simulation study reflects the reality. This can
provide an indicative rating how well the simulation study results
are transferable to real human partial gravity missions. This
tool is piloted in the present review to highlight which studies
may have a greater rigor in simulating partial gravity but it is
important to consider that no further empirical studies on its
validity and reliability were performed.

Data Analysis
Main changes across all outcome measures are presented in six
different tables (Supplementary Tables). There are three tables
for cardiopulmonary changes and three tables for biomechanical
changes presenting outcomes of the three defined gravity ranges
(Lunar, in between and Martian -gravity). Changes from either
terrestrial gravity and/or microgravity as control conditions are
presented with arrows. An up (↑) or down (↓) arrow was set
as soon as minimal changes of the mean were presented either
as values or as figures (visual observation) or if the authors
stated that values were in- or decreasing (even if not statistically
significant or if no statistics were performed), meaning that there
is an upward or downward trend. Arrowsmarkedwith an asterisk
(∗) indicate that there were statistically significant differences
from control with P < 0.05. Arrows marked with a hash tag (#)
indicate that only partly statistical significant differences were
found, for example if in general values increased but only for
men significantly. A horizontal arrow (→) was used if no visual
differences were detected, values were the same or if the authors
stated that there were no changes. A swung dash (∼) was used

in case of inconsistent results for example if two participants
showed results in opposite direction.

Effect sizes (for data available either presented in included
articles or obtained from authors after requested) were calculated
between partial gravity conditions and 1 g. The effect sizes were
then bias corrected using weighted (accounting for n = sample
size) pooled standard deviations as per Hedge’s g method (Ellis,
2010). Effect sizes in Figures 5–9 are presented as Hedge’s g:

Hedge’s g =
sample mean 2 − sample mean 1

pooled standard deviation of sample 1 and 2(weighted)

In the absence of previously reported and validated minimal clinically

meaningful changes on which to base conclusions, standardized mean

changes between comparisons groups were defined. As there are

currently no direct empirical studies for astronauts to demonstrate the

thresholds suggested by Hopkins et al. (2009) were used. Thresholds

of 0.1, 0.3, 0.5, 0.7, and 0.9 were defined as small, moderate, large,

very large and extremely large effects between two comparison groups

(Hopkins et al., 2009). This enabled conclusions to be based upon

the estimated size of the effect between g-levels. The level for the

confidence interval for the effect size comparisons was set to 95%.

The most meaningful effect sizes are presented in plots to highlight

the areas where medical operations will need to focus attention ahead

of the missions taking place.

RESULTS

Description of Studies
The study selection process and reasons for exclusion are summarized

in Figure 2. The initial search identified 1,323 citations of which 244

were confirmed to be duplicates. Therefore, 1,079 titles and abstracts

were screened and further 969 studies excluded which did not meet the

eligibility criteria. After reading the remaining 110 full-text articles,

further 54 studies were excluded for various reasons (see description

on the right side of the flow chart in Figure 2). Initially, 56 studies

met the inclusion criteria but 13 of them were excluded after being

defined as not suitable considering the protocol, methodology, control

condition, or time points of data acquisition.

The final 43 included studies were mainly case series studies except

for the case report of Waligora and Horrigan (1975) and the study

of Baranov et al. (2016) who conducted a randomized controlled

trial. Apart from the two latter publications, all other included studies

investigated different levels of partial gravity without a separated

control group. Depending on the technical principles used to simulate

partial gravity and a different terminology, the authors expressed

partial gravity either as percent of body weight, percent of body weight

support, degree of head-up tilt or as a specific gravity level (g). For

a uniform designation, Figure 3 helps to translate different units into

the gravitational acceleration “g”, as it will be the standard unit used

within this review.

Figure 4 summarizes the applied gravity levels within the in the

PICOS defined gravity range (0.1–0.4 g) as well as the simulation

model used of each included study. As shown in Figure 4, the majority

of studies (n= 29) were conducted in the range of Lunar gravity (0.1–

0.2 g). Out of these 29 studies, 18 applied actual Lunar gravity of 0.16 g.

Seventeen studies were conducted in the range of Martian gravity and

nine applied the actual value for Martian gravity. In the range between

Lunar and Martian gravity 10 studies applied 0.25 g. Nine studies used

µg as a comparison whereas 41 studies compared their outcomes to 1 g
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TABLE 3 | Summary of risk of bias.
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Aerts et al., 2012 NA NA ? ? + +

Baranov et al., 2016 ? NA ? ? + −

Berry, 1969 NA NA NA NA ? ?

Berry, 1970 NA NA NA NA ? ?

Berry, 1974 NA NA NA NA ? ?

Cardus, 1996 NA NA ? ? + −

Cavagna et al., 2000 NA NA ? ? + +

Cavanagh et al., 2013 NA NA ? ? − +

Chang et al., 1996 NA NA ? ? + +

Chang et al., 2001 NA NA ? ? + +

Cowley et al., 2015 NA NA ? ? + +

Cutuk et al., 2006 NA NA ? ? + +

De Witt et al., 2014 NA NA ? ? + +

Donelan and Kram, 1997 NA NA ? ? + +

Donelan and Kram, 2000 NA NA ? ? + +

Evans et al., 2013 NA NA ? ? − −

Farley and McMahon, 1992 NA NA ? ? + +

Ferris et al., 2001 NA NA ? ? + +

Fox et al., 1975 NA NA ? ? − +

Grabowski et al., 2005 NA NA ? ? + +

Griffin et al., 1999 NA NA ? ? + −

He et al., 1991 NA NA ? ? + +

Ivanenko et al., 2002 NA NA ? ? + +

Ivanenko et al., 2011 NA NA ? ? + +

Kopanev and Yuganov, 1975 NA NA NA NA ? ?

Kostas et al., 2014 NA NA ? ? + +

Kram et al., 1997 NA NA ? ? + +

Lathers et al., 1990, 1993; Lathers

and Charles, 1994

NA NA ? ? + +

Louisy et al., 1994 NA NA ? ? + +

Pavei and Minetti, 2015 NA NA ? ? + +

Pavei et al., 2015 NA NA ? ? + +

Pavy-Le Traon et al., 1997 NA NA ? ? + +

Robertson and Wortz, 1968 NA NA ? ? + +

Schlabs et al., 2013 NA NA ? ? − +

Spady and Harris, 1968 NA NA ? ? + +

Spady and Krasnow, 1966 NA NA ? ? + +

Sylos Labini et al., 2011 NA NA ? ? + +

Sylos-Labini et al., 2013 NA NA ? ? + +

Teunissen et al., 2007 NA NA ? ? + +

Waligora and Horrigan, 1975 NA NA NA NA ? ?

Widjaja et al., 2015 NA NA ? ? − −

Authors’ judgement about each methodological quality item of each included study.

+: Low risk; −: High risk; ?: Unclear risk; NA: Not applicable.
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(under consideration that studies could use µg and/or 1 g as control

conditions).

Nineteen studies used vertical body weight support systems (�),

indicating that this was the most often used simulation model to

generate partial gravity conditions. Additionally, in descending order,

nine studies used head-up tilt (◦), six studies tilted body weight

support systems (•), five studies partial gravity parabolic flights

(�), four studies lower body positive pressure (�) and two studies

centrifugation (♦). Physiological data of Lunar surface explorations

during Apollo missions (�) were presented in five studies.

The age of participants across the studies ranged from

18–63 years. Studies recruited predominantly men. Taken

together 197 men and 88 women participated in total. For

19 adults gender was not indicated. The highest number

of participants within one study was 21, the lowest number

was two.

Some of the investigated partial gravity simulation models did

not allow movements. When movements were not possible (e.g.,

head-up tilt) or required, posture within the experimental protocols

was semi-supine (a body position where the participant lies on

his/her back but is not completely horizontally) sitting or standing.

Included locomotion types were walking (w), running (r), skipping (s),

and hopping (h) at different velocities or the preferred walk-to-run

transition speed (PTS).

Methodological Quality of Included Studies
The overall risk of bias (see Table 3) was very low. Most studies were

case series and did not have control groups, therefore, some aspects

of the Cochrane risk of bias tool (which was designed for controlled

clinical trials) were not relevant. This includes randomization and

allocation concealment. In addition to this, many studies failed to give

sufficient detail to assess their potential risk of bias including blinding

of participants, personnel and outcome assessment. Therefore, only

conclusions about incomplete outcome data and selective reporting

could be drawn.

The majority of included studies were case series. Hence, the

evidence/taxonomy of study designs of included studies is very low

(IV, where V is the lowest level of evidence) using “Oxford Centre

for Evidence-based Medicine” (March, 2009) guidelines (Phillips et al.,

1998).

The number of participants in the included studies was comparably

low and therefore often no adequate statistical analysis in consistency

with the research question was performed. This reduces the quality

of most of the included studies with respect to the authors’ research

question.

Results of Changes in Outcome
Parameters
All characteristics of included studies and changes from 1 g and/or µg

of relevant outcome parameters due to exposure to partial gravity are

presented in Supplementary Tables 1–6.

In the following the clinical relevance of available data is presented.

Main effects of outcome parameters and their bias corrected effect

sizes (Hedge’s g) are depicted in Figures 5–9. Please note that since the

scale we used to define effect sizes (as per Hopkins et al. (2009): small,

moderate, large, very large and extremely large) we mainly found

extremely large effect sizes, referring to effect sizes larger than 0.9. This

means that differences of effect sizes within the category “extremely

large” can be really great (as presented in Figures 5–9).
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FIGURE 3 | Various levels of gravity expressed in different units. The exact value for Lunar gravity is 0.16 g or 9.21◦ HUT or 16% BW or 84% BWS. The exact value

for Martian gravity is 0.38 g or 22.33◦ HUT or 38% BW or 62% BWS. The ranges that were considered acceptable for Lunar- and Martian gravity in the present study

are shown in gray. The exact values for Lunar and Martian gravity and each unit are depicted through solid diamonds and circles. BW, Body weight (in %); BWS, Body

weight support (in %); HUT, Head-up tilt (in degree).

Main Effects and Effect Sizes of Cardiopulmonary

Changes in Partial Gravity
In the following, if effects were similar in direction and magnitude,

then these effects were generalized and body postures and simulation

models were not further considered.

Heart rate, stroke volume, cost of transport, efficiency (except of the

hopping condition in Pavei and Minetti, 2015) as measured in Lunar

andMartian gravity conditions revealed themost pronounced changes

compared to 1 g (Figures 5, 6).

For cardiac output as measured using the lower body positive

pressure model, Kostas et al. (2014) presented large effects in Lunar

andMartian gravity. The effects for cardiac output as measured during

head-up tilt revealed moderate changes in Lunar and small changes in

Martian gravity compared to 1 g.

For blood pressure parameters, inconsistent results between the

different included studies were found. Widjaja et al. (2015) presented

extremely large effects for diastolic and systolic blood pressure values

measured during a Lunar and Martian gravity parabolic flight. The

study of Kostas et al. (2014) presented mostly small effects for

different blood pressure parameters using two different simulation

models. Using the lower body positive pressure model, effects for total

peripheral resistance were reported to be moderate (Lunar vs. 1 g)

and large (Martian vs. 1 g). For thoracic impedance, data published by

Kostas et al. (2014) revealed moderate changes in Lunar and Martian

gravities compared to 1 g.

For 0.25 g only effect sizes of net metabolic rates are presented

(Figure 8). Teunissen et al. (2007) found extremely large effects during

running while data fromGrabowski et al. (2005) reported a small effect

during walking in 0.25 g compared to 1 g.

Main Effects and Effect Sizes of Biomechanical

Changes in Partial Gravity
In all of the three defined gravity ranges (Figures 7–9) vertical and

forward work as well as total internal, external and mechanical work

are the most reduced parameters compared to 1 g indicating extremely

large effects (>0.9).

For the biomechanical parameter recovery (ability of the human

body to safe energy by behaving like a pendulum-like system),

especially in Martian gravity different effects and direction of changes

were found ranging from small to extremely large changes depending

on locomotion modes and velocities (Figure 9).

For joint kinematics only effect sizes for Lunar gravity compared to

1 g are presented and indicate reductions with extremely large effects

for hip and knee range of motion using the tilted and vertical body

weight support systems. For ankle range of motion, effect sizes cover

the whole range from small to extremely large (Figure 7).

Most of the spatio temporal parameters showed extremely large

effects in all defined gravity ranges (Figures 7–9). Examples of these

effects include increased swing phase and cycle duration in Lunar

gravity, increased Froude number and decreased preferred walk-to-

run transition speeds in Lunar and Martian gravity. One exception

for the overall extremely large reduced stride frequency was found

in the study of Pavei et al. (2015) for walking in Lunar and Martian

gravity (small effect) using the vertical body weight support system.

In partial gravity, stride length is mostly reduced during walking

(Donelan and Kram, 1997) and increased during running (Donelan

and Kram, 2000; Cutuk et al., 2006) with extremely large effect sizes.

Stride length data from Ivanenko et al. (2002) indicate moderate

to extremely large effects in 0.25 g depending on the walking speed
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FIGURE 4 | Gravity levels and simulation models of included studies. The ranges that were considered acceptable for Lunar- and Martian gravity in the present review

are shown in gray. The exact values for Lunar and Martian gravity are depicted through dashed and dotted lines. Control conditions and measured gravity levels

outside the defined range of 0.1–0.4 g are not shown. HUT, Head-up tilt; LBPP, Lower body positive pressure; BWS, body weight support system; pg, partial gravity.

(Figure 8). Duty Factor is reduced in partial gravity compared to 1 g

but beside extremely large effects, also moderate effects are presented

by Donelan and Kram (1997) for walking at fixed Froude numbers in

0.25 g.

Ground reaction forces (GRF) (except relative values) and impulses

are reduced in partial gravity compared to 1 g and involve extremely

large effects. Contrary, the time to impact peak force is increased in

0.25 g and Martian gravity but again with an extremely large effect.

DISCUSSION

Summary of Main Results
The main findings of this study were the heterogeneity of results

across studies, the extremely large effect sizes within a wide range of

effect sizes, the low quality of applied methodologies as well as the

discovery of a significant lack of knowledge concerning long-term

adaptations in partial gravity. The longest continuous exposure to

partial gravity reported in one of the included studies was a period

of 2 weeks, with 9.6◦ head-up tilt during daytime and 0◦ supine

position during the nights (Baranov et al., 2016). The reasons for

the heterogeneous findings across studies can be explained as follows:

(1) The included studies reported a wide range of ages; (2) Studies

were performed with both male and female participants. For example

Evans et al. (2013) found different significant results in diastolic blood

pressure for males and females; (3) The presentation of data varies

from study to study. While some authors reported absolute values,

some others reported relative values using different normalization

reference values; (4) Gravity levels were inconsistent between studies

because not all studies used the exact gravity levels of 0.16 g for the

Moon and 0.38 for Mars; (5) Durations of partial gravity exposure

varied depending on the used simulationmodel [e.g., 25–30 s of partial

gravity exposure during parabolic flights (Aerts et al., 2012) vs. 6 h

head-up tilt (Lathers et al., 1990, 1993; Lathers and Charles, 1994)]; (6)

Different velocities and locomotion types or postures (e.g., walking vs.

running or standing vs. sitting) were used in the different protocols.

Donelan and Kram (1997, 2000) found significant different results for

relative stride length at same speed depending on walking or running
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FIGURE 5 | Effect sizes (Hedge’s g) and confidence intervals for cardiopulmonary parameters in Lunar gravity compared to 1 g.

protocols; (7) Varying experimental conditions were reported between

studies. While most of the included studies tested their participants

in sport clothes, others performed their experiments with space suits,

very likely leading to restrictions/alterations of movements (Spady and

Krasnow, 1966; Robertson and Wortz, 1968; Spady and Harris, 1968);

(8) Diverse experimental set ups were used (e.g., rolling vs. a fixed

trolley for the vertical body weight support system); (9) Various partial

gravity simulation models were included but all of them have certain

limitations. For instance not all simulation models are suitable to

expose the whole body to a partial gravity environment or to simulate

realistic hemodynamic changes (e.g., vertical body weight support

systems) and therefore the impact on the cardiovascular system may

vary from model to model (see Section Validity of included partial

gravity simulators).

In all included studies the cardiopulmonary parameters heart

rate, oxygen consumption, respiratory rate, expired minute volume,

(net) metabolic rate, locomotion efficiency, cost of transport and

bioelectrical thoracic impedance revealed either decreasing trends or

significant reductions with decreasing gravity levels. On the other

hand, stroke volume seems to increase with decreasing gravity levels.

For blood pressure parameters, no consistent results were found. Some

studies reported increasing values (Cutuk et al., 2006; Evans et al.,

2013; Kostas et al., 2014) and some other studies reported decreasing

values (Cardus, 1996; Chang et al., 1996; Aerts et al., 2012; Kostas

et al., 2014; Widjaja et al., 2015) or unchanged values (Schlabs et al.,

2013) in response to changing gravity levels from 1 g. However, effect

sizes for most of the cardiac as well as metabolic outcomes and for

two exceptions concerning blood pressure parameters were extremely

large.

Data obtained during the Apollo missions 11–17 reveal that during

actual Lunar surface explorations mean heart rates were 90–100 beats

per minute (bpm) with maximum values of 160 bpm (Kopanev and

Yuganov, 1975). Metabolic rates had a total mean of 234 kilocalories

per hour within a total time of 159 h of Lunar Extravehicular

Activities (EVA; Waligora and Horrigan, 1975). Importantly, data

from the Apollomissions have to be interpreted with caution as Apollo

astronauts were restricted in their movements through their space

suits, making it impossible to compare Apollo data to most of the data

obtained in lab conditions.

The biomechanical data of the included studies duty factor, vertical

impact loading rate, active force peaks, peak vertical and horizontal

impulses, horizontal and vertical work as well as the resultant total

external, internal and mechanical work per unit distance decreased

significantly with decreasing gravity levels. The preferred walk-to-

run transition speed revealed a decreasing trend while recovery of

mechanical energy during walking, range of motion for hip and

knee angles, stance phase duration, ground contact time, stride

frequency and (net/normalized) vertical peak GRF mostly showed

decreasing trends and partly significant reductions with decreasing

gravity levels. All included studies presented increasing trends for

the Froude number, vertical spring stiffness and with one exception

(during walking; Sylos Labini et al., 2011) also for swing phase

duration and stride length. Further, a significant increase for time

to impact force peak (vertical GRF) with decreasing gravity levels
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FIGURE 6 | Effect sizes (Hedge’s g) and confidence intervals for cardiopulmonary parameters in Martian gravity compared to 1 g.

was shown. For Electromyography (EMG) amplitude and activation

patterns inconsistent results were reported, with studies reporting

changes in all directions depending on locomotion velocity (Ivanenko

et al., 2002) or no (abrupt) changes at all (Sylos Labini et al.,

2011).

The largest effect sizes were associated with parameters influencing

the center of mass oscillation such as internal, external andmechanical

work and for GRF and impulses where extremely large effects were

presented. These outcomes together with cardiac and metabolic

parameters are therefore the main areas that operational guidelines

and decision making need to consider. Future research should attempt

to address these same issues ahead of upcoming exploration missions

to minimize risks to the astronauts.

Quality of Evidence
Validity of Included Partial Gravity Simulators
Terrestrial partial gravity simulation models seek to simulate reduced

gravity and its impact on human physiology as close as possible to the

actual Lunar or Martian environment. A main problem is the lack

of “real” partial gravity data and therefore, it is almost impossible

to validate current partial gravity simulation models. Nevertheless,

a quality appraisal of included technical principles to create partial

gravity conditions was performed by the authors (see Table 4). Partial

gravity as created through parabolic flights was set as a gold standard

with the highest possible rating. The reason for this is that parabolic

flights create partial gravity that affects all physiological systems

similar to “real” partial gravity on the surface of the Moon or Mars.

Obviously, considering the very short exposure times during parabolic

flights, the model validity must only refer to immediate physiological

adaptations. Slow reacting systems cannot be studied using parabolic

flights and require different models. Thus, considering the aim of

the present quality appraisal all methods were rated as per how

accurate they can mimic the effects of partial gravity for relevant

physiological and biomechanical categories. The ratings are based on

the advantages and limitations of the included simulation models and

were performed in agreement with physiological and biomechanical

experts from ESA’s Space Medicine Office and from the German Sport

University.
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FIGURE 7 | Effect sizes (Hedge’s g) and confidence intervals for biomechanical parameters in Lunar gravity compared to 1 g.

As shown in Table 4, all models are suitable to manipulate

GRF very accurately whereas cardiovascular responses are dependent

on the posture of the body (e.g., degree of body tilt) or systems

that promote fluid shifts (e.g., lower body positive pressure).

Kinematics were only rated as quite accurate because movements

are influenced by the set-up of the included simulation systems

which may limit natural friction-free movements (e.g., using rubber

cords or exoskeletons). As GRF can be mimicked very precisely
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FIGURE 8 | Effect sizes (Hedge’s g) and confidence intervals for biomechanical and cardiopulmonary parameters in 0.25 g compared to 1 g.

and kinematics are quite accurate, biomechanics can be investigated

in all included simulation models quite accurately. This includes

muscle activation patterns with the one exception that compared

to the suspension systems, lower body positive pressure treadmills

are probably closer to “real” partial gravity. This is because of

the free moving limbs when walking/running on a lower body

positive pressure treadmill and thus both the stance and the swinging

legs are exposed to partial gravity at all times. Respiratory and

metabolic properties were rated as quite accurate but not perfect

due to the movement constraining nature of all partial gravity

simulators.

Different simulation models affect different physiological systems

in different ways. This may explain, why for cardiopulmonary

outcomes within this review, mainly partial gravity parabolic flights,

head-up tilt or lower body positive pressure models were used. In

agreement with the rating performed by Chappell and Klaus (2013)

the vertical body weight support system was only used to investigate

metabolic or respiratory changes but not for cardiovascular properties.
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FIGURE 9 | Effect sizes (Hedge’s g) and confidence intervals for biomechanical parameters in Martian gravity compared to 1 g.

Biomechanical outcomes within this review were mainly investigated

using a vertical body weight support system as it is a valid method to

reduce GRF while almost preserving natural movements. Results from

different models may therefore vary and comparisons between models

should be made with caution.

Quality of Statistical Analyses of Included Studies
Statistical analyses of included studies were in many cases deficient

or not performed at all. The reason for this is probably the often

very limited number of participants without normal distributed data.

Therefore, the sample sizes probably failed to provide adequate power

to draw conclusions about all outcome parameters using traditional

significance testing. Furthermore, almost all studies had no separate

control group and several studies did not involve both genders equally.

Unfortunately, in most of the included studies means and standard

deviations for the experimental as well as for control conditions were

not presented and had to be requested. Hence, the authors of this

article were limited by the data available and in some cases only visual

inspection of figures was possible. Additionally, statistics sometimes

failed to address the research questions of this study and therefore

Frontiers in Physiology | www.frontiersin.org 15 August 2017 | Volume 8 | Article 583

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Richter et al. Biomechanics and Energetics in Partial Gravity

FIGURE 10 | Interaction of cardiopulmonary and biomechanical parameters. Black boxes represent physiological main factors of exposure to partial gravity while in

the white boxes underlying outcome parameters are presented.

some of the presented p-values could not be used. In other cases no

post-hoc tests were performed indicating the direction of changes or

the significance level alpha was set to a rather liberal alpha = 0.1

(Lathers et al., 1990, 1993; Lathers and Charles, 1994).

Overall Completeness and Applicability of
Evidence
Not all of the outcomes defined in the PICOS have been investigated

in the included studies. Some parameters such as the arterio-

venous oxygen difference are missing and diverse respiratory

parameters (except of oxygen consumption) are very sparse being only

investigated in one study (Robertson and Wortz, 1968). The same

can be said for venous hemodynamics. Morphological parameters

such as fiber type composition, muscle fiber length, physiological

and anatomical cross sectional areas, muscle pennation angles,

tendon function and material properties as well as bone mineral

density are completely missing but are important indicators for

physiological deconditioning and very relevant for space flight

operations. Obviously, changes of these parameters can only be

investigated during long-term exposure to partial gravity, and as

already mentioned there is a lack of long-term partial gravity studies.

Furthermore, muscle force, angular velocities and joint torques have

not been investigated but are important measures for the mechanical
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strain in the musculoskeletal system. Of all included technical

principles to simulate partial gravity only supine suspension systems

are missing. Despite a lack of important outcome parameters, the 43

included studies were overall sufficient to address the objectives of this

review, even if in some cases it was necessary to “read between the

lines” and to filter relevant results for this systematic review.

Potential Bias in the Review Process
The strict methodology of this review with clearly defined inclusion

criteria as well as a comprehensive search strategy minimized the

potential for bias.

The literature research was hindered by the design of some

databases. Databases such as the Erasmus Experiment Archive of

ESA do not offer “advanced search methods” and had therefore

to be searched manually. Obviously, this increases the risk of

failing to include relevant studies. Furthermore, misleading or wrong

terminology may have led to the undesired exclusion of relevant

studies. For example “reduced gravity” was often used as a synonym

for µg and not for partial gravity.

In some cases the authors had to obtain data from figures instead

of numeric tables (e.g., from conference presentation slides of Cowley

et al., 2015). Possibly, this could have introduced a potential bias,

as the measurements on figures and detection of (visual) changes

are not 100% accurate and could vary from person to person.

Therefore, smallest differences from control were defined as changes,

even if statistically no significant results were reported. In the result

Supplementary Tables 1–6, arrows without an asterisk indicate this

fact and should be interpreted with caution.

Agreements and Disagreements with Other
Studies
Due to the comprehensive literature research there are almost no

experimental studies left to which the present results can be compared.

Therefore, also computational models/simulations were included for

this comparison to see if experimental data show similar changes in

magnitude and direction as modeled data.

Comparison with Modeled Data
The kinematic model of Raichlen (2008) which predicts the effects

of gravity on human locomotion matches the data as presented in

this review. The author calculated, that relative stride lengths at 2

meters per second (m/s) as well as the Froude number at walk-to-run

transition speed increases with decreasing gravity (Raichlen, 2008).

For Froude number, the same increasing tendency was estimated from

audio transcripts and video clips of Lunar EVA’s as well as by the

astronauts and space suit characteristics by Carr and Mcgee (2009).

The latter study also found out, that wearing a spacesuit appears to

lower the Froude number and the walk-to-run transition will occur at

lower velocities. Therefore, they suggest the introduction of an “Apollo

number” (Froude number divided by mass) to capture the effects of

spacesuit self-support (Carr and Mcgee, 2009). Ackermann and van

Den Bogert (2012) predicted values for different locomotion types in

partial gravity through a computational simulation using a realistic

musculoskeletal model. They calculated reduced vertical GRF for each

gait type compared to terrestrial gravity which is in agreement with

the present findings. They also predicted skipping as the preferred

gait mode in Lunar gravity because their results suggest that skipping

is more efficient and less fatiguing compared to walking or running

(Ackermann and van Den Bogert, 2012).

Keller and Strauss (1992) predicted bone mineral density changes

in partial gravity using modeled data. They predicted a weekly loss

of 0.39% for bone mineral density in a Lunar- and a loss of 0.22%

in a Martian gravity environment. Unfortunately, no included study

of the present review investigated changes in bone mineral density.

Nevertheless, it should be pointed out that this model predicted that

bone mineral density loss will not be prevented in a partial gravity

environment. Provided the mathematical modeling is accurate, it

appears that planetary stay times could be extended from ∼100 weeks

on Moon to 3 years on Mars (based on the assumption that until then

a reduction of 66% in strength is attained) before a weakened skeleton

could create serious hazards during the stresses of re-entry and

returning to terrestrial gravity (Keller and Strauss, 1992). Obviously,

the latter assumption represents a pure scientific point of view and is

certainly not in line with medical operations guidelines.

Comparison with Other Review Articles
There are only very few reviews about partial gravity research but none

of them used such a systematic and comprehensive search strategy as

this study. Davis and Cavanagh (1993) focused on biomedical issues

related to human locomotion in partial gravity. They summarized

(using data from up to 3 included experiments and calculations from

a ballistic walking model) that swing phase as well as stance phase

duration is increasing with decreasing gravity whereas cadence and

walking velocity is decreasing. The latter also affected peak vertical

GRF which were decreased in reduced gravity (Davis and Cavanagh,

1993). This is in agreement with the findings of the present review with

the exception of stance phase duration which was reported to decrease

in all of the included studies (Ivanenko et al., 2002, 2011; Sylos Labini

et al., 2011; Cowley et al., 2015).

Shavelson (1968) summarized findings of different studies on

metabolic rate and concluded that in four out of five studies metabolic

rate is decreasing with decreasing gravity unless high mechanical work

and external forces are required (Shavelson, 1968). Their findings are

in agreement with the present results.

The review article of Sylos-Labini et al. (2014) included mainly

studies which have been investigated in this systematic review but

without a comparable systematic approach and not fully in agreement

with the present outcome parameters as defined in the PICOS. The

present outcomes cover a wider spectrum of parameters which are

considered as operationally relevant by ESA’s SpaceMedicine Office, in

particular for future planetary explorations. Finally, the review article

of Sylos-Labini et al. (2014) did not cover the whole range of available

literature about biomechanics in partial gravity.

Studies That “Slipped through”
Despite the fact that we have applied a comprehensive strategy, there

were a few relevant studies that escaped our search. This could have

been for the following reasons: Studies were published after the period

of this literature search or studies did not cover included keywords or

were not listed in included databases. These studies were either found

through random online searches or were cross-referenced in one of

the included studies. Data of these studies were not extracted for the

present review however the findings of these studies and the findings

of this systematic review are compared in the following. The study of

Ruckstuhl et al. (2009) that compared gait parameters and heart rate as

measured using lower body positive pressure or vertical body weight

support (33% BW) during different walking speeds (0.5–1.2 m/s) was

not found during the present research process. Nevertheless, it fits

with the defined PICOS and results are in agreement with findings
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of this systematic review. In their study, heart rate, stride frequency

and duty factor decreased significantly with decreasing gravity levels.

For Martian gravity, normalized stride length was not found in the

present results but Ruckstuhl et al. (2009) presented a significant

reduction in their results. For leg angle at touch down they showed a

significant increase compared to terrestrial gravity. Further, Ruckstuhl

et al. (2009) compared lower body positive pressure and vertical body

weight support systems and found no significant differences for the

gait parameters but did for heart rate (Ruckstuhl et al., 2009). This is

in agreement with the conclusions of the present quality appraisal of

included technical principles to simulate partial gravity (see Table 4).

One of the most recent studies about musculoskeletal changes due

to partial gravity exposure is the study of Ritzmann et al. (2016) which

is not included in this systematic review because it was not published

during the time of the present literature search. The authors measured

biomechanical parameters of a bouncing movement (often referred to

as skipping) during a partial gravity parabolic flight (Mars and Moon

parabolas). Their results show a reduction of peak vertical GRF, rate

of force development and vertical impulse with decreasing gravity

(Ritzmann et al., 2016). This is in agreement with the results presented

in this systematic review whereas joint angles and EMG can hardly

be compared to the present results because bouncing movements and

normal walking or running are quite different. The main conclusion

of the study by Ritzmann et al. (2016) was that subjects are able to

keep their motor control patterns. They suggest that muscle activity in

changed gravity environments can be anticipated (shown in a decline

in activation amplitudes before touchdown) and resulting muscle

forces can be properly adjusted.

Relationship and Interplay between
Biomechanical and Cardiopulmonary
Outcome Parameters
Exposure to partial gravity reduces body weight and therefore external

forces acting on the human body (Figure 10). This can be seen in

the reduced vertical GRF with a reduced first impact and second

active force peak as well as a reduced rate of force development. As

the area under the force-time curve becomes smaller, also impulses

are reduced. Additionally, the time of exposure to impact forces

becomes less as stance phase duration, ground contact times and

duty factor decrease. As a consequence, it is likely that the reduced

mechanical stimuli (supported by extremely large effects) associated

with walking and running in Moon and Mars gravity conditions will

not be sufficient to fully maintain terrestrially optimal bone mineral

density and muscle mass in the long-term. Further, due to partial

gravity-induced mechanical unloading, the mechanical work that is

necessary to move the body becomes less. In the present data this

becomes apparent in the reduction of horizontal and vertical work per

distance, resulting in a reduced total external work. Together with a

reduced total internal work necessary to rotate and accelerate limbs,

the total mechanical work is decreased in partial gravity environments

as can be seen in the extremely large effects. Most likely this explains

the reduced load on the cardiopulmonary system in reduced gravity.

For instance, heart rate and oxygen consumption correlate with work

performance and therefore it does not surprise that these parameters

are decreased in partial gravity. Rates of oxygen consumption and

carbon dioxide production are measured to estimate (net) metabolic

rates and as oxygen consumption decreases it seems to be logical that

metabolic rate also decreases with decreasing gravity levels. If the mass

specific metabolic rate is divided by speed, the net cost of transport

can be calculated. The relative metabolic cost of transport at similar

velocities is therefore also reduced in partial gravity environments.

This means that less physical effort is necessary to move the body. As

locomotion efficiency (defined as the total mechanical work divided

by cost of transport) is reduced as well as both total mechanical work

and cost of transport are reduced in partial gravity, total mechanical

work must be reduced by a greater extent than cost of transport.

Under consideration that partial gravity leads to a thoracic fluid shift,

as indicated by the reduced thoracic impedance and the increased

venous emptying volume, a higher blood volume in the region of the

heart is very likely to lead to an increase in stroke volume. If stroke

volume increases more than heart rate decreases, cardiac output must

be increased (as found in the results) and might compensate for the

reduction in heart rate.

Relevance for Future Human Space
Explorations and Countermeasure
Developments
Anticipated Consequences of Reduced Mechanical

and Metabolic Stimuli in Partial Gravity
As described above, reduced impact forces due to partial unloading

may lead to reductions of the work necessary to move the human

body. This in turn may have detrimental long-term effects on the

cardiopulmonary system, likely resulting in a loss of work performance

capacity. Due to a reduction of important mechanical and metabolic

stimuli the body is set into a “fake” resting state, affecting physiological

systems and in the worst case resulting in physiological degeneration

beyond (long-term-) mission threatening levels. It is very important

that EVA’s of the astronauts are completed without exhaustion and that

their physical well-being is maintained for reasons of health, safety and

mission success.

From an operational perspective it would be highly desirable to

know minimum thresholds and exposure times to certain gravity

levels that are needed to maintain relevant physiological systems

(Horneck et al., 2003; Goswami et al., 2012). These systems will

presumably react differently to similar gravity levels and therefore it

is very unlikely that one minimum gravity threshold is sufficient to

maintain all physiological systems equally. It can be anticipated from

linear regression analyses that for some systems the lack of sufficient

mechanical physiological stimuli becomes less severe as gravity

increases. Some studies showed that there is a strong correlation

between heart rate (Schlabs et al., 2013), oxygen consumption (Schlabs

et al., 2013), (net) metabolic rate (Farley and McMahon, 1992;

Teunissen et al., 2007), peak vertical ground reaction force (Ivanenko

et al., 2002; Schlabs et al., 2013) and the simulated gravity levels in the

range between 1 g and µg (with R2 > 0.88 for all tested correlations).

Therefore, exposure to Moon and Mars gravities might be less severe

compared to physiological deconditioning as experienced in µg.

Requirements for Exercise Countermeasure

Concepts in Partial Gravity
To compensate for the anticipated loss in performance capacity some

form of supplementary exercise will most likely be required. The

slogan “use it or lose it” describes the adaptation process in a very

simple way (Corcoran, 1991), andmay also be applied to partial gravity

environments.

As pointed out, reduced external forces acting on the body

seem to be a main problem because a reduction of mechanical

stimuli could also account for a reduction in metabolic stimuli.

Therefore, exercise countermeasures should provide an individual,
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comprehensive training and especially focus on applying Earth-

like GRF.

GRF can be modified/increased through increased locomotion

velocity (Davis and Cavanagh, 1993), external applied horizontal

forces (Chang et al., 2001) or reactive jumps (Kramer et al.,

2010). Davis and Cavanagh (1993) provide the example that

running at 4m/s at 80% body weight creates the same magnitude

of vertical GRF as running at 2.9m/s at 100% body weight.

Moreover, Chang et al. (2001) found out, that running at 0.38 g

with 20% of additional applied horizontal forces increases impact

force peaks to magnitudes equal or greater than those observed

during running at Earth gravity. Furthermore, jumps induce high

impact forces and internal muscle forces that are necessary for

the deformation of bone and thus provide an osteo- and muscle-

protective stimulus (Rittweger et al., 2000; Ebben et al., 2010).

At the same time, plyometric exercise can be very exhaustive

and therefore high workload- or high intensity interval protocols

could induce cardiovascular responses, preventing cardiovascular

deconditioning (Arazi et al., 2012, 2014). The workgroup of Kramer

(University of Konstanz, Germany) invented a new sledge jump

system which allows after some practice almost natural reactive

jumps in reduced gravity (Kramer et al., 2010, 2012). This seems

to be a promising countermeasure as it provides myogenic as

well as osteogenic stimuli while only short exercise durations are

necessary.

Unfortunately, there is no “one-fits-all”- strain level to maintain

bone mineral density because it is affected by skeletal location and

other systemic factors such as age, gender, and genetic background

(Ruff et al., 2006). This can also be said for muscle mass, as the active

tension required to induce hypertrophy or prevent atrophy is very

likely to vary as it is subordinate to the complex “response matrix”

of the respective subject (Toigo and Boutellier, 2006). Nevertheless,

Frost (2004) refers to a bone’s genetically determined modeling

threshold strain range (1,000–1,500 microstrain; ∼2 kg/mm2), within

and above which formation of new bone exceeds resorption of bone

mineral (Frost, 2004). Therefore, exercise countermeasures should

aim at exposing the bones to up to 1,000 microstrain to at least

maintain its strength. The study results of Peterman et al. (2001)

reveal that bone strain magnitudes in the distal tibia are linearly

related to GRF (R2 > 0.7) (Peterman et al., 2001) which supports

the authors suggestion that exercise countermeasures should focus

on applying Earth like GRF as experienced during running and

jumping.

CONCLUSION AND OUTLOOK

This systematic review provides insights into the current state of

research about human biomechanical and cardiopulmonary responses

to partial gravity exposure. The synthesized results presented here

suggest a lack of sufficient metabolic and mechanical stimuli when

humans are exposed to partial gravity as can be seen in the

extremely large effects of most of the presented outcomes. It

can be anticipated that partial gravity environments as present

on the Moon or on Mars are not sufficient to preserve all

physiological systems to a 1 g standard if not addressed through

adequate countermeasures. Therefore, to maintain astronaut’s health,

safety and performance capacity smart and evidence-based exercise

countermeasure systems are needed. The main goal of these systems

should be to re-create Earth-like GRF. Considering the smaller

habitat/vehicle size to be used in future exploration missions,

countermeasure devices should be as compact as possible but still

target the musculoskeletal and cardiopulmonary systems equally.

Bulky exercise machines as currently used on the ISS (e.g., ARED,

cycle ergometer or treadmills) will not be an option for these

missions.

The methodological quality of the vast majority of the

available/included studies is too low to generate a compeling

evidence. Future research is needed and should address physiological

long-term effects of partial gravity exposure. Moreover, future studies

should help defining minimal gravity thresholds and exposure times

needed to maintain relevant physiological systems.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual

contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

This systematic literature review is part of the “moon gym-project”

that has the aim to better understand the physiological consequences

of partial gravity exposure and to develop evidence-based concepts

for new exercise countermeasures for future exploration missions.

The “moon gym-project” is part of ESA’s program “Spaceship EAC”

which is an initiative investigating innovative technological and

operational concepts in support of ESA’s exploration strategy. This

work was further supported by the Space Medicine Office of the

European Space Agency (ESA). Patrick Jäkel, André Rosenberger,

Nora Petersen, Dr. David Green, Dr. Aidan Cowley, Frits de Jong,

Dr. Guillaume Weerts, Henny Vollmann as well as Dr. Jonathan

Scott shall receive special thanks for their support throughout the

project.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found

online at: http://journal.frontiersin.org/article/10.3389/fphys.

2017.00583/full#supplementary-material

Supplementary Table 1 | Cardiopulmonary changes in Lunar gravity.

Supplementary Table 2 | Cardiopulmonary changes in 0.25 g.

Supplementary Table 3 | Cardiopulmonary changes in Martian gravity.

Supplementary Table 4 | Biomechanical changes in Lunar gravity.

Supplementary Table 5 | Biomechanical changes in 0.25 g.

Supplementary Table 6 | Biomechanical changes in Martian gravity.

Supplementary Tables 1–6 | In the first row, information about authors, their

used simulation model (HDT: head-down tilt), posture or locomotion (w walking;
r running; s skipping; h hopping; PTS moving at preferred walk-to-run transition

speed) during the intervention as well as number of participants and control

conditions are presented. Terrestrial gravity as a control condition indicates that

changes from 1g to partial gravity have been considered, whereas µg as a control

indicates that changes from µg to partial gravity have been considered. In the left

column the different outcome parameters are listed and assigned to categories.

Arrows indicate an increasing (↑), decreasing (↓), or stable (→) trend. Asterisks (∗)

indicate significant differences from control conditions (P < 0.05) and hashtags

(#) refer to partly significant differences.

Frontiers in Physiology | www.frontiersin.org 19 August 2017 | Volume 8 | Article 583

http://journal.frontiersin.org/article/10.3389/fphys.2017.00583/full#supplementary-material
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Richter et al. Biomechanics and Energetics in Partial Gravity

REFERENCES

Ackermann, M., and van Den Bogert, A. J. (2012). Predictive simulation of gait at

low gravity reveals skipping as the preferred locomotion strategy. J. Biomech.

45, 1293–1298. doi: 10.1016/j.jbiomech.2012.01.029

Aerts,W., Joosen, P.,Widjaja, D., Varo, C., Vandeput, S., VanHuffel, S. et al. (2012).

“Heart rate and blood pressure variability under moon, mars and zero gravity

conditions during parabolic flights,” in Proceedings of the Joint Life Science

Meeting ‘Life in Space for Life on Earth’ (Aberdeen).

Arazi, H., Asadi, A., Mahdavi, S. A., and Nasiri, S. (2014). Cardiovascular responses

to plyometric exercise are affected by workload in athletes. Postepy Kardiol.

Interwencyjnej 10, 2–6. doi: 10.5114/pwki.2014.41458

Arazi, H., Asadi, A., Nasehi, M., and Delpasand, A. (2012). Cardiovascular and

blood lactate responses to acute plyometric exercise in female volleyball and

handball players. Sport Sci. Health 8, 23–29. doi: 10.1007/s11332-012-0123-8

Baker, E. S., Barratt, M. R., and Wear, M. L. (2008). “Human Response to Space

Flight,” in Principles of Clinical Medicine for Space Flight, eds M. R. Barratt and

S. L. Pool (New York, NY: Springer), 27–57.

Baranov, M. V., Katuntsev, V. P., Shpakov, A. V., and Baranov, V. M. (2016).

A Method of ground simulation of physiological effects of hypogravity on

humans. Bull. Exp. Biol. Med. 160, 401–405. doi: 10.1007/s10517-016-3181-0

Berry, C. A. (1969). “Apollo 7 to 11-Medical concerns and results,” in 18th

International Congress of Aerospace Medicine (Amsterdam).

Berry, C. A. (1970). “Summary of medical experience in the Apollo 7 through 11

manned spaceflights,” in Recent Advances in AerospaceMedicine, ed D. E. Busby

(Dordrecht: D. Reidel Publishing Company), 3–41.

Berry, C. A. (1974). Medical legacy of Apollo. Aerosp. Med. 45, 1046–1057.

Cardus, D. (1996). Cardiovascular effects of a fractional -Gz force during a

relatively prolonged exposure. J. Gravit. Physiol. 3, 65–67.

Carr, C. E., and Mcgee, J. (2009). The Apollo number: space suits, self-support,

and the walk-run transition. PLoS ONE 4:e6614. doi: 10.1371/journal.pone.0

006614

Cavagna, G. A., Willems, P. A., and Heglund, N. C. (2000). The role of gravity in

human walking: pendular energy exchange, external work and optimal speed.

J. Physiol. 528, 657–668. doi: 10.1111/j.1469-7793.2000.00657.x

Cavanagh, P. R., Rice, A. J., Licata, A. A., Kuklis, M. M., Novotny, S. C., Genc, K.

O., et al. (2013). A novel lunar bed rest analogue. Aviat. Space Environ. Med. 84,

1191–1195. doi: 10.3357/ASEM.3472.2013

Chang, D. S., Breit, G. A., Styf, J. R., and Hargens, A. R. (1996). Cutaneous

microvascular flow in the foot during simulated variable gravities. Am. J.

Physiol. 271, R961–966.

Chang, Y.-H., Hamerski, C. M., and Kram, R. (2001). Applied horizontal force

increases impact loading in reduced-gravity running. J. Biomech. 34, 679–685.

doi: 10.1016/S0021-9290(00)00196-2

Chappell, S. P., and Klaus, D. M. (2013). Enhanced simulation of partial gravity

for Extravehicular Activity. J. Hum. Perform. Extreme Environ. 10, 1–8.

doi: 10.7771/2327-2937.1052

Corcoran, P. J. (1991). Use it or lose it–the hazards of bed rest and inactivity.West.

J. Med. 154, 536–538.

Cowley, M., Harvill, L., and Rajulu, S. (2015). “Human Performance in Simulated

Reduced Gravity Environments,” in 25th Congress for the International Society

of Biomechanics (Glasgow).

Cutuk, A., Groppo, E. R., Quigley, E. J.,White, K.W., Pedowitz, R. A., andHargens,

A. R. (2006). Ambulation in simulated fractional gravity using lower body

positive pressure: cardiovascular safety and gait analyses. J. Appl. Physiol. 101,

771–777. doi: 10.1152/japplphysiol.00644.2005

Davis, B. L., and Cavanagh, P. R. (1993). Simulating reduced gravity: a review of

biomechanical issues pertaining to human locomotion. Aviat. Space Environ.

Med. 64, 557–566.

De Witt, J. K., Edwards, W. B., Scott-Pandorf, M. M., Norcross, J. R., and

Gernhardt, M. L. (2014). The preferred walk to run transition speed in actual

lunar gravity. J. Exp. Biol. 217, 3200–3203. doi: 10.1242/jeb.105684

De Witt, J. K., Perusek, G. P., Bentley, J., Edwards, W. B., Gilkey, K.

M., Lewandowski, B. E., et al. (2008). Kinematic and Electromyographic

Evaluation of Locomotion on the Enhanced Zero-gravity Locomotion Simulator:

A Comparison of External Loading Mechanisms. US National Aeronautics and

Space Administration. TP-2007-214764, 1–27.

Donelan, J. M., and Kram, R. (1997). The effect of reduced gravity on the

kinematics of human walking: a test of the dynamic similarity hypothesis for

locomotion. J. Exp. Biol. 200, 3193–3201.

Donelan, J. M., and Kram, R. (2000). Exploring dynamic similarity in human

running using simulated reduced gravity. J. Exp. Biol. 203, 2405–2415.

Ebben,W. P., Fauth, M. L., Kaufmann, C. E., and Petushek, E. J. (2010). Magnitude

and rate of mechanical loading of a variety of exercise modes. J. Strength Cond.

Res. 24, 213–217. doi: 10.1519/JSC.0b013e3181c27da3

Ellis, P. D. (2010). Effect sizes and the interpretation of research

results in international business. J. Int. Bus. Stud. 41, 1581–1588.

doi: 10.1057/jibs.2010.39

Elmagarmid, A., Fedorowicz, Z., Hammady, H., Ilyas, I., Khabsa, M., and Ouzzani,

M. R. (2014). “A systematic reviews web app for exploring and filtering searches

for eligible studies for Cochrane Reviews,” in Evidence-Informed Public Health:

Opportunities and Challenges. Abstracts of the 22nd Cochrane Colloquium

(Hyderabad: John Wiley & Sons).

Evans, J. M., Mohney, L., Wang, S., Moore, R. K., Elayi, S.-C., Stenger, M.

B., et al. (2013). Cardiovascular regulation during body unweighting by

lower body positive pressure. Aviat. Space Environ. Med. 84, 1140–1146.

doi: 10.3357/ASEM.3576.2013

Farley, C. T., and McMahon, T. A. (1992). Energetics of walking and running:

insights from simulated reduced-gravity experiments. J. Appl. Physiol. 73,

2709–2712.

Ferris, D. P., Aagaard, P., Simonsen, E. B., Farley, C. T., and Dyhre-

Poulsen, P. (2001). Soleus H-reflex gain in humans walking and

running under simulated reduced gravity. J. Physiol. 530, 167–180.

doi: 10.1111/j.1469-7793.2001.0167m.x

Foing, B. (2016). “Towards a moon village: vision and opportunities,” in EGU

General Assembly Conference (Vienna).

Fox, E. L., Bartels, R. L., Chaloupka, E. C., Klinzing, J. E., and Hoche, J. (1975).

Oxygen cost during exercise in simulated subgravity environments.Aviat. Space

Environ. Med. 46, 300–303.

Frost, H. M. (2004). A 2003 update of bone physiology and Wolff ’s Law for

clinicians. Angle Orthod. 74, 3–15. doi: 10.1043/0003-3219(2004)074<0003:

AUOBPA>2.0.CO;2

Furlan, A. D., Pennick, V., Bombardier, C., and Van Tulder, M. (2009).

2009 updated method guidelines for systematic reviews in the Cochrane

Back Review Group. Spine 34, 1929–1941. doi: 10.1097/BRS.0b013e3181

b1c99f

Goswami, N., Roma, P. G., De Boever, P., Clément, G., Hargens, A. R., Loeppky,

J. A., et al. (2012). Using the moon as a high-fidelity analogue environment

to study biological and behavioral effects of long-duration space exploration.

Planet. Space Sci. 74, 111–120. doi: 10.1016/j.pss.2012.07.030

Grabowski, A., Farley, C. T., and Kram, R. (2005). Independent metabolic costs

of supporting body weight and accelerating body mass during walking. J. Appl.

Physiol. 98, 579–583. doi: 10.1152/japplphysiol.00734.2004

Griffin, T. M., Tolani, N. A., and Kram, R. (1999). Walking in simulated reduced

gravity: mechanical energy fluctuations and exchange. J. Appl. Physiol. 86,

383–390.

He, J., Kram, R., and Mcmahon, T. A. (1991). Mechanics of running under

simulated low gravity. J. Appl. Physiol. 71, 863–870.

Higgins, J. P. T., and Green, S. (2011). Cochrane handbook for systematic

reviews of interventions version 5.1. 0 [updated March 2011]. The Cochrane

Collaboration. Available online at: www.handbook.cochrane.org

Hopkins, W., Marshall, S., Batterham, A., and Hanin, J. (2009). Progressive

statistics for studies in sports medicine and exercise science. Med. Sci. Sports

Exerc. 41:3. doi: 10.1249/MSS.0b013e31818cb278

Horneck, G., Facius, R., Reichert, M., Rettberg, P., Seboldt, W., Manzey, D., et al.

(2003). HUMEX, a study on the survivability and adaptation of humans to

long-duration exploratory missions, part I: lunar missions. Adv. Space Res. 31,

2389–2401. doi: 10.1016/S0273-1177(03)00568-4

Ivanenko, Y. P., Grasso, R., Macellari, V., and Lacquaniti, F. (2002). Control

of foot trajectory in human locomotion: role of ground contact forces in

simulated reduced gravity. J. Neurophysiol. 87, 3070–3089. doi: 10.11512/jn.008

15.2001

Ivanenko, Y. P., Sylos Labini, F. S., Cappellini, G., Macellari, V., Mcintyre,

J., and Lacquaniti, F. (2011). Gait transitions in simulated reduced

Frontiers in Physiology | www.frontiersin.org 20 August 2017 | Volume 8 | Article 583

https://doi.org/10.1016/j.jbiomech.2012.01.029
https://doi.org/10.5114/pwki.2014.41458
https://doi.org/10.1007/s11332-012-0123-8
https://doi.org/10.1007/s10517-016-3181-0
https://doi.org/10.1371/journal.pone.0006614
https://doi.org/10.1111/j.1469-7793.2000.00657.x
https://doi.org/10.3357/ASEM.3472.2013
https://doi.org/10.1016/S0021-9290(00)00196-2
https://doi.org/10.7771/2327-2937.1052
https://doi.org/10.1152/japplphysiol.00644.2005
https://doi.org/10.1242/jeb.105684
https://doi.org/10.1519/JSC.0b013e3181c27da3
https://doi.org/10.1057/jibs.2010.39
https://doi.org/10.3357/ASEM.3576.2013
https://doi.org/10.1111/j.1469-7793.2001.0167m.x
https://doi.org/10.1043/0003-3219(2004)074<0003:AUOBPA>2.0.CO;2
https://doi.org/10.1097/BRS.0b013e3181b1c99f
https://doi.org/10.1016/j.pss.2012.07.030
https://doi.org/10.1152/japplphysiol.00734.2004
http://www.handbook.cochrane.org
https://doi.org/10.1249/MSS.0b013e31818cb278
https://doi.org/10.1016/S0273-1177(03)00568-4
https://doi.org/10.11512/jn.00815.2001
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Richter et al. Biomechanics and Energetics in Partial Gravity

gravity. J. Appl. Physiol. 110, 781–788. doi: 10.1152/japplphysiol.007

99.2010

Johnston, R. S., and Hull, W. E. (1975). “Apollo Missions,” in Biomedical Results

of Apollo, eds R. S. Johnston, L. F. Dietlein and C. Berry (Washington, DC:

National Aeronautics and Space Administration), 9–40.

Katayama, K., Sato, K., Akima, H., Ishida, K., Takada, H., Watanabe, Y., et al.

(2004). Acceleration with exercise during head-down bed rest preserves upright

exercise responses. Aviat. Space Environ. Med. 75, 1029–1035.

Keller, T. S., and Strauss, A. M. (1992). “Bone loss and human adaptation to

lunar gravity,” in The Second Conference on Lunar Bases and Space Activities

of the 21st Century, (Houston, TX: NASA Conference Publication 3166),

569–576.

Kopanev, V. I., and Yuganov, Y. M. (1975). Some Results of Biomedical Studies

Carried Out in the Gemini and Apollo Programs. Weightlessness: Med. and Biol.

Res. NASA-TT-F-16105, 429–482.

Kostas, V. I., Stenger, M. B., Knapp, C. F., Shapiro, R., Wang, S., Diedrich, A., et al.

(2014). Cardiovascular models of simulated moon and mars gravities: head-

up tilt vs. lower body unweighting. Aviat. Space Environ. Med. 85, 414–419.

doi: 10.3357/ASEM.3687.2014

Kram, R., Domingo, A., and Ferris, D. P. (1997). Effect of reduced gravity on the

preferred walk-run transition speed. J. Exp. Biol. 200, 821–826.

Kramer, A., Ritzmann, R., Gollhofer, A., Gehring, D., and Gruber, M. (2010). A

new sledge jump system that allows almost natural reactive jumps. J. Biomech.

43, 2672–2677. doi: 10.1016/j.jbiomech.2010.06.027

Kramer, A., Ritzmann, R., Gruber, M., and Gollhofer, A. (2012). Four

weeks of training in a sledge jump system improved the jump pattern

to almost natural reactive jumps. Eur. J. Appl. Physiol. 112, 285–293.

doi: 10.1007/s00421-011-1981-5

Lathers, C. M., and Charles, J. B. (1994). Comparison of cardiovascular function

during the early hours of bed rest and space flight. J. Clin. Pharmacol. 34,

489–499. doi: 10.1002/j.1552-4604.1994.tb04992.x

Lathers, C. M., Diamandis, P. H., Riddle, J. M., Mukai, C., Elton, K. F.,

Bungo, M. W., et al. (1990). Acute and intermediate cardiovascular responses

to zero gravity and to fractional gravity levels induced by head-down or

head-up tilt. J. Clin. Pharmacol. 30, 494–523. doi: 10.1002/j.1552-4604.1990.

tb03614.x

Lathers, C. M., Riddle, J. M., Mulvagh, S. L., Mukai, C., Diamandis, P. H., Dussack,

L. G., et al. (1993). Echocardiograms during six hours of bedrest at head-

down and head-up tilt and during space flight. J. Clin. Pharmacol. 33, 535–543.

doi: 10.1002/j.1552-4604.1993.tb04700.x

Liberati, A., Altman, D. G., Tetzlaff, J., Mulrow, C., Gøtzsche, P. C., Ioannidis, J. P.

A., et al. (2009). The PRISMA Statement for reporting systematic reviews and

meta-analyses of studies that evaluate health care interventions: explanation

and elaboration. PLoS Med. 6:e1000100. doi: 10.1371/journal.pmed.10

00100

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, A14–A23. doi: 10.3357/AMHP.EC

03.2015

Louisy, F., Guezennec, C. Y., and Guell, A. (1994). Leg vein hemodynamics during

bedrests simulating lunar trip. J. Gravit. Physiol. 1, P100–P101.

Moore, A. D., Downs, M. E., Lee, S. M., Feiveson, A. H., Knudsen,

P., and Ploutz-Snyder, L. (2014). Peak exercise oxygen uptake during

and following long-duration spaceflight. J. Appl. Physiol. 117, 231–238.

doi: 10.1152/japplphysiol.01251.2013

Pavei, G., and Minetti, A. E. (2015). Hopping locomotion at different gravity:

metabolism and mechanics in humans. J. Appl. Physiol. 120, 1223–1229.

doi: 10.1152/japplphysiol.00839.2015

Pavei, G., Biancardi, C. M., and Minetti, A. E. (2015). Skipping vs. running

as the bipedal gait of choice in hypogravity. J. Appl. Physiol. 119, 93–100.

doi: 10.1152/japplphysiol.01021.2014

Pavy-Le Traon, A., Allevard, A. M., Fortrat, J. O., Vasseur, P., Gauquelin, G., Guell,

A., et al. (1997). Cardiovascular and hormonal changes induced by a simulation

of a lunar mission. Aviat. Space Environ. Med. 68, 829–837.

Peterman, M. M., Hamel, A. J., Cavanagh, P. R., Piazza, S. J., and Sharkey,

N. A. (2001). In vitro modeling of human tibial strains during exercise in

micro-gravity. J. Biomech. 34, 693–698. doi: 10.1016/S0021-9290(01)00004-5

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, 1–13. doi: 10.1186/s13728-016-0050-4

Phillips, B., Ball, C., Sackett, D., Badenoch, D., Straus, S., Haynes, B., et al. (1998).

Oxford Centre for Evidence-based Medicine–Levels of Evidence (March 2009)

[Online]. Centre for Evidence-Based Medicine. Available online at: http://

www.cebm.net/oxford-centre-evidence-based-medicine-levels-evidence-

march-2009/ (Accessed June 6, 2016).

Raichlen, D. A. (2008). The effects of gravity on human walking: a new test of

the dynamic similarity hypothesis using a predictive model. J. Exp. Biol. 211,

2767–2772. doi: 10.1242/jeb.020073

Rittweger, J., Beller, G., Ehrig, J., Jung, C., Koch, U., Ramolla, J., et al. (2000).

Bone-muscle strength indices for the human lower leg. Bone 27, 319–326.

doi: 10.1016/S8756-3282(00)00327-6

Ritzmann, R., Freyler, K., Krause, A., and Gollhofer, A. (2016). Bouncing on Mars

and the Moon - The role of gravity on neuromuscular control: correlation of

muscle activity and rate of force development. J. Appl. Physiol. 121, 1187–1195.

doi: 10.1152/japplphysiol.00692.2016

Robertson, W. G., and Wortz, E. C. (1968). Effect of lunar gravity on metabolic

rates. Aerosp. Med. 39, 799–805.

Ruckstuhl, H., Kho, J., Weed, M., Wilkinson, M. W., and Hargens, A.

R. (2009). Comparing two devices of suspended treadmill walking by

varying body unloading and Froude number. Gait Posture 30, 446–451.

doi: 10.1016/j.gaitpost.2009.07.001

Ruff, C., Holt, B., and Trinkaus, E. (2006). Who’s afraid of the big bad Wolff?

“Wolff ’s law” and bone functional adaptation. Am. J. Phys. Anthropol. 129,

484–498. doi: 10.1002/ajpa.20371

Salisbury, T., Baptista, R. R., Fei, J., Susin, F., and Russomano, T. (2015).

Physiological aspects of walking in simulated hypogravity. JEP 18,

13–24.

Schlabs, T., Rosales-Velderrain, A., Ruckstuhl, H., Stahn, A. C., and Hargens,

A. R. (2013). Comparison of cardiovascular and biomechanical parameters

of supine lower body negative pressure and upright lower body positive

pressure to simulate activity in 1/6 G and 3/8 G. J. Appl. Physiol. 115, 275–284.

doi: 10.1152/japplphysiol.00990.2012

Shavelson, R. J. (1968). Lunar gravity simulation and its effect on human

performance. Hum. Factors 10, 393–401. doi: 10.1177/0018720868010

00409

Sibonga, J. D., Spector, E. R., Johnston, S. L., and Tarver, W. J. (2015). Evaluating

Bone Loss in ISS Astronauts. Aerosp. Med. Hum. Perform. 86, A38–A44.

doi: 10.3357/AMHP.EC06.2015

Spady, A. A. Jr., and Harris, R. L. (1968). Effects of Pressure Suits and Backpack

Loads on Man’s Self-Locomotion In earth and Simulated Lunar Gravity. TN

D-4464, 1968/03/01 ed US: National Aeronautics and Space Administration,

1–45.

Spady, A. A. Jr., and Krasnow, W. D. (1966). Exploratory Study of Man’s Self-

Locomotion Capabilities with a Space Suit in Lunar Gravity TN D-2641,

1966/05/01 ed US: National Aeronautics and Space Administration, 1–15

Sylos Labini, F., Ivanenko, Y. P., Cappellini, G., Gravano, S., and Lacquaniti,

F. (2011). Smooth changes in the EMG patterns during gait transitions

under body weight unloading. J. Neurophysiol. 106, 1525–1536.

doi: 10.1152/jn.00160.2011

Sylos-Labini, F., Ivanenko, Y. P., Cappellini, G., Portone, A., Maclellan,

M. J., and Lacquaniti, F. (2013). Changes of gait kinematics in

different simulators of reduced gravity. J. Mot. Behav. 45, 495–505.

doi: 10.1080/00222895.2013.833080

Sylos-Labini, F., Lacquaniti, F., and Ivanenko, Y. P. (2014). Human

locomotion under reduced gravity conditions: biomechanical and

neurophysiological considerations. Biomed. Res. Int. Available online at:

http://www.ncbi.nlm.nih.gov/pubmed/25247179

Teunissen, L. P. J., Grabowski, A., and Kram, R. (2007). Effects of independently

altering body weight and body mass on the metabolic cost of running. J. Exp.

Biol. 210, 4418–4427. doi: 10.1242/jeb.004481

Toigo, M., and Boutellier, U. (2006). New fundamental resistance exercise

determinants of molecular and cellular muscle adaptations. Eur. J. Appl.

Physiol. 97, 643–663. doi: 10.1007/s00421-006-0238-1

Frontiers in Physiology | www.frontiersin.org 21 August 2017 | Volume 8 | Article 583

https://doi.org/10.1152/japplphysiol.00799.2010
https://doi.org/10.3357/ASEM.3687.2014
https://doi.org/10.1016/j.jbiomech.2010.06.027
https://doi.org/10.1007/s00421-011-1981-5
https://doi.org/10.1002/j.1552-4604.1994.tb04992.x
https://doi.org/10.1002/j.1552-4604.1990.tb03614.x
https://doi.org/10.1002/j.1552-4604.1993.tb04700.x
https://doi.org/10.1371/journal.pmed.1000100
https://doi.org/10.3357/AMHP.EC03.2015
https://doi.org/10.1152/japplphysiol.01251.2013
https://doi.org/10.1152/japplphysiol.00839.2015
https://doi.org/10.1152/japplphysiol.01021.2014
https://doi.org/10.1016/S0021-9290(01)00004-5
https://doi.org/10.1186/s13728-016-0050-4
http://www.cebm.net/oxford-centre-evidence-based-medicine-levels-evidence-march-2009/
http://www.cebm.net/oxford-centre-evidence-based-medicine-levels-evidence-march-2009/
http://www.cebm.net/oxford-centre-evidence-based-medicine-levels-evidence-march-2009/
https://doi.org/10.1242/jeb.020073
https://doi.org/10.1016/S8756-3282(00)00327-6
https://doi.org/10.1152/japplphysiol.00692.2016
https://doi.org/10.1016/j.gaitpost.2009.07.001
https://doi.org/10.1002/ajpa.20371
https://doi.org/10.1152/japplphysiol.00990.2012
https://doi.org/10.1177/001872086801000409
https://doi.org/10.3357/AMHP.EC06.2015
https://doi.org/10.1152/jn.00160.2011
https://doi.org/10.1080/00222895.2013.833080
http://www.ncbi.nlm.nih.gov/pubmed/25247179
https://doi.org/10.1242/jeb.004481
https://doi.org/10.1007/s00421-006-0238-1
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Richter et al. Biomechanics and Energetics in Partial Gravity

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

Waligora, J. M., and Horrigan, D. J. (1975). “Metabolism and heat dissipation

during Apollo EVA periods,” in Biomedical Results of Apollo, eds R. S. Johnston,

L. F. Dietlein and C. A. Berry (Washington, DC: National Aeronautics and

Space Administration), 115–128.

Widjaja, D., Vandeput, S., Van Huffel, S., and Aubert, A. E. (2015). Cardiovascular

autonomic adaptation in lunar andmartian gravity during parabolic flight. Eur.

J. Appl. Physiol. 115, 1205–1218. doi: 10.1007/s00421-015-3118-8

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 © 2017 Richter, Braunstein, Winnard, Nasser and Weber. 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) or licensor 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.

Frontiers in Physiology | www.frontiersin.org 22 August 2017 | Volume 8 | Article 583

https://doi.org/10.1152/japplphysiol.91578.2008
https://doi.org/10.1007/s00421-015-3118-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Human Biomechanical and Cardiopulmonary Responses to Partial Gravity – A Systematic Review
	Introduction
	Materials and Methods
	Search Strategy
	Criteria for Considering Studies for this Systematic Review
	Population
	Interventions
	Control Conditions
	Outcomes
	Study Designs

	Data Collection and Analysis
	Study Selection
	Data Extraction and Management
	Assessment of Risk of Bias in Included Studies
	Quality Appraisal of Technical Principles to Simulate Partial Gravity
	Data Analysis


	Results
	Description of Studies
	Methodological Quality of Included Studies
	Results of Changes in Outcome Parameters
	Main Effects and Effect Sizes of Cardiopulmonary Changes in Partial Gravity
	Main Effects and Effect Sizes of Biomechanical Changes in Partial Gravity


	Discussion
	Summary of Main Results
	Quality of Evidence
	Validity of Included Partial Gravity Simulators
	Quality of Statistical Analyses of Included Studies

	Overall Completeness and Applicability of Evidence
	Potential Bias in the Review Process
	Agreements and Disagreements with Other Studies
	Comparison with Modeled Data
	Comparison with Other Review Articles
	Studies That ``Slipped through''

	Relationship and Interplay between Biomechanical and Cardiopulmonary Outcome Parameters
	Relevance for Future Human Space Explorations and Countermeasure Developments
	Anticipated Consequences of Reduced Mechanical and Metabolic Stimuli in Partial Gravity
	Requirements for Exercise Countermeasure Concepts in Partial Gravity


	Conclusion and Outlook
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


