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Past space missions in low Earth orbit have demonstrated that human beings can survive and work in space 
for long durations. However, there are pending technological, medical and psychological issues that must be 
solved before adventuring into longer-duration space missions (e.g. protection against ionizing radiation, 
psychological issues, behaviour and performance, prevention of bone loss, etc.). Furthermore, technological 
breakthroughs, e.g. in life support systems and recycling technologies, are required to reduce the cost of future 
expeditions to acceptable levels. Solving these issues will require scientific and technological breakthroughs in 
clinical and industrial applications, many of which will have relevance to health issues on Earth as well.

Despite existing ESA and NASA studies or roadmaps, Europe still lacks a roadmap for human exploration of 
space approved by the European scientific and industrial communities. The objective of THESEUS is to develop 
an integrated life sciences research roadmap enabling European human space exploration in synergy with the 
ESA strategy, taking advantage of the expertise available in Europe and identifying the potential of non-space 
applications and dual research and development.

THESEUS Expert Groups

The basis of this activity is the coordination of 14 disciplinary Expert Groups (EGs) composed of key European 
and international experts in their field. Particular attention has been given to ensure that complementary ex-
pertise is gathered in the EGs. 

EGs are clustered according to their focus:

THESEUS: Towards Human Exploration of Space 
– a European Strategy

Cluster 1: Integrated Systems Physiology
Bone and muscle 
Heart, lungs and kidneys 
Immunology 
Neurophysiology 
Nutrition and metabolism

Cluster 2: Psychology and Human-machine 
Systems
Group/team processes
Human/machine interface
Skill maintenance

Cluster 3: Space Radiation
Radiation effects on humans
Radiation dosimetry

Cluster 4: Habitat Management
Microbiological quality control of the indoor 
environment in space
Life support: management and regeneration of air, 
water and food

Cluster 5: Health Care
Space medicine
Medication in space

Identification of Research Priorities and Development of the THESEUS Roadmap 

Each Expert Group based their work on brainstorming sessions dedicated to identifying key issues in their 
specific field of knowledge. Key issues can be defined as disciplinary topics representing challenges for human 
space exploration, requiring further attention in the future. These key issues were addressed to the scientific 
community through an online consultation; comments and inputs received were used to refine them, to consi-
der knowledge gaps and research needs associated to them, as well as to suggest potential investigations. 

The outcomes and main findings of the ‘Integrated Systems Physiology’ EGs have been synthesised into this 
report and further integrated to create the THESEUS roadmap. 
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The ‘Space Medicine’ Expert Group based its work 
on the evaluation of 35 issues that were identified 
as relevant for this area of expertise. Of the 35 issues, 
the group considered received from the community 
and came up with a list of 16 Key Issues of the highest 
priority, grouped into six overarching themes:

Health maintenance •	
Diagnostic procedures •	
Health care delivery •	
Medical education and skill maintenance •	
On-board medical resource management •	
Ethical, legal and moral considerations in space •	
medicine

The priorities of research necessary to support 
foreseen space travel and planetary exploration 
represent a unique set of problems whose solution 
demands an in-depth understanding of the whole 
human body and cross disciplinary work between 
life scientists, engineers and technologists. All the 
necessary expertise has been acquired by European 

scientists during the past decades. In the context 
of the THESEUS project, the objective of this Expert 
Group was to gather this European expertise and 
create synergies, allowing an integrated approach 
on emerged priorities of research. Because of 
the necessary holistic approach, those research 
programmes obviously required the involvement 
of scientists whose expertise is disseminated across 
Europe.  

The following sections present the conclusions the 
‘Space Medicine‘ Expert Group. This group met during 
two expert workshops in 2010. Those workshops were 
aimed at considering the key questions to address, 
the latest developments, the gaps to fill and the Earth-
based applications. 

The Expert Group recommends that key issues 
presented in this report are considered at their true 
value and addressed in future research programmes. 

1.2.1. Key Issue 1: Insufficient control of infectious 
diseases, potentially exacerbated by on-board micro-
organism mutations, drug inefficiencies and drug 
resistance - Provide an on-board available means to 
deal with the risk of infectious disease

The possibility of micro-organism mutation occurring 
as a result of the high radiation environment is not 
negligible. This presents a threat to the crew due to 
the possibility of increased incidence of infectious 
disease as a result of such mutations if adequate 
therapies are not available during an exploration 
mission, where the possibility of Earth return does not 
exist. Since the 1980s, the field of terrestrial healthcare 
has been engaged in a “permanent fight” against 
hospital-borne, resistant infections (nosocomial). The 
threat is still high and requires significant attention. 
Any progress in this field in the space medicine 
domain is very likely to have immediate applications 
to terrestrial heath care. 

  The following recommendations are made:

Conduct a state of the art investigation (including •	
the terrestrial healthcare domain, closed 
environments and space) with the collection of 
past data (i.e. conduct a data mining exercise).
Provide the capability to prevent, monitor and •	
treat infectious disease in-flight.
Support R&D activities in real time in-situ bio-•	
monitoring for all potential infectious organisms.
Support R&D activities in the elimination and/or •	
control of all potentially infectious organisms.
Support R&D activities in the treatment of harmful •	
effects caused by infectious organisms.

Interdisciplinary aspects

For the mutations aspects, links with radio-biology 
and infection medication efficiency in space are 
comprehensive.

Space Medicine1

Space Medicine

1.1. Introduction

1.2. Health Maintenance – Key Issues
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1.2.2. Key Issue 2: the acute risk to health from radiation 
exposure, in particular solar flares - Provide on-board 
physical and/or pharmacological countermeasures and/or 
protection

The possibility of acute exposure to radiation from solar 
flares will be a permanent threat to crew during exploration 
missions. Little progress has been made in the last decade 
in the field of acute exposure to ionising radiation therapy. 
Any progress in this domain will be directly applicable 
to terrestrial radio-therapy domains, in particular for the 
treatment of cancer.

The following recommendations are made:

Conduct a state of the art investigation (data mining) •	
in the field.
Provide the capability to monitor, predict, prevent and •	
treat exposure to the effects of solar flares.
Support R&D activities for real time in-situ bio-•	
dosimetry.
Support R&D activities that may predict acute cosmic •	
radiation events.
Support R&D activities that may prevent or reduce the •	
effects of acute and chronic radiation.
Support R&D activities in the treatment and •	
management of acute and chronic radiation effects. 
More accurately define radiation effects and radiation •	
limits as well as ethical constraints. 

Interdisciplinary aspects

Clear links exist with the radiation-biology and radiation-
protection domains, in particular with respect to hazardous 
environment operations such as working with nuclear 
reactors or on-board nuclear vehicles (e.g. submarines).

1.2.3. Key Issue 3: dietary and nutrition-related space 
flight disorders and complaints - Provide on-board 
countermeasures

The dietary regime should not contribute to health 
disorders induced by micro-gravity. The unavailability of 
fresh food, and thus monotony of preserved foods, will be 
a dominant crew experience during Earth – planet transfer 
periods. Consequently, particular care must be applied to 
crew nutrition and dietary considerations. Presently, several 

Figure 1: Surface, Water and Air Bio-
characterisation (SWAB Experiment) on-board 
the ISS (Credit: NASA)
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dietary studies are being conducted on the ISS and 
during space mission simulations. These are focussed 
on improving knowledge of the effects of salt load on 
the body and bone related factors, such as Vitamin D. 

The following recommendation is made:

Support R&D activities to improve the availability •	
and palatability of “fresh” and preserved food for 
long periods to prevent nutritional disorders. 
(Assumption: food is delivered in appropriate 
nutrient mix).

Interdisciplinary aspects

There are clear links with the domains of physiology, 
psychology and behaviour. Research progress in 
support of the above mentioned space issues will 
improve knowledge on the interaction of diet and 
health in terrestrial circumstances as well, in particular 
with regards to the effects of high sodium load on 
human health and improved means to maintain 
bone.

1.2.4. Key Issue 4: sub-optimal physical countermeasure 
hardware for health maintenance - Identify and provide 
improved solutions to current bone and muscle loss 
countermeasures

Micro-gravity induced bone and muscle loss seen 
in the lower body is an unresolved aspect of human 
spaceflight. Crew undertaking long term exploration 
missions will face this problem, which if not countered 
successfully, will have operational consequences. 
Mastering these problems remains one of the highest 
priorities for human exploration missions. At the 
present time, a number of studies concerning bone 
and muscle loss are being (or are planned to be) 
conducted on the ISS and during bed rest studies. 
 
 The following recommendations are made:

Advocate the use of artificial gravity and support •	
R&D activities investigating its use.
Support R&D activities investigating integrated •	
countermeasure systems which positively affect 
multiple physiological systems, and which may 
include the combination of mechanical and 
pharmaceutical systems.

Interdisciplinary aspects

There are clear links with the domain of physiology, 
in particular in relation to bone, muscle and exercise 
capacity. For the condition of osteoporosis, improved 
knowledge of the mechanical factors concerning 
bone remodelling will augment the prevention 
and treatment for terrestrial sufferers. Human 
spaceflight research has already contributed to a 
better understanding, but additionally will contribute 
to identification and development of better 
countermeasures to prevent osteoporosis, bone loss 
and muscle atrophy.

Figure 2: Concept of centrifuge on-board ISS (Credit: 
NASA)
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1.3.1. Key issue 5: Insufficient on-board medical imaging 
hardware - Provide on-board means to maintain medical 
risks at an acceptable level

The need for user-friendly medical imaging devices in-
flight is mandatory, however, it is difficult to anticipate 
(other than for ultrasound) what will be available for use 
within the next decade or two. This need has been con-
sidered to be at the highest priority level because of its 
criticality. Compact and portable digital X-Ray equipment 
is already in existence, capable of auto-diagnostic and 3D 
imaging, and the provision of an expert system for the di-
agnosis of bone mineral density disorders. 

The following recommendations are made (they assume 
that efficient on-board imaging techniques will be abso-
lutely necessary):

Support R&D activities to develop user friendly imag-•	
ing techniques for trained operators.
Support R&D activities to develop layman useable im-•	
aging techniques with the following characteristics 
(note: these techniques will also be useful for research) : 
	 •  Auto-diagnosis

•  Real-time use
•  True-life fidelity
•  3D imaging

Interdisciplinary aspects

Links with other disciplines exist (medical e.g. bone loss, 
national security e.g. counter-terrorist, disaster relief e.g. 
survivor triage), however, to date it is mainly a space medi-
cine concern.

1.3.2. Key issue 6: Insufficient on-board smart sensors / 
smart devices for health monitoring & medical diagnostics. 
- Provide on-board means to maintain medical risks at an 
acceptable level.

Continuous medical monitoring is necessary due to 
the inevitable high risk activities that will be conducted 
during human exploration missions. This monitoring 
should not disturb the crew in any form, and thus the use 
of smart body sensors within clothing and environmental 
sensors within (and external to) the habitable volume will 
be required. In the last decade, the European Commission 
has supported research concerning smart sensors. 

1.3. Diagnostic Procedures – Key Issues

Figure 3: Ultra-sound eye imaging on-board 
ISS (Credit: NASA)
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The following recommendation is made:

Support R&D activities in the development of smart •	
and advanced sensors and devices for the measure-
ment and intelligent analysis of multiple physiological 
and environmental parameters:
Human standpoint: invasive and non-invasive,•	
Habitat standpoint: internal and external.•	

Interdisciplinary aspects

There are not many obvious links with other disciplines as 
this is primarily a space-related issue, however, progress in 
this field will lead to a smart monitoring capability for high 
risk professions and persons in hostile environments.

1.3.3. Key issue 7: Insufficient on-board expert systems / 
decision support systems for medical diagnostics. - Provide 
on-board means to maintain medical risk at an acceptable 
level.

For exploration missions, the crew will need to be as au-
tonomous as possible for medical issues. On-board expert 
systems will be required to support this capability. ESA 
has been supporting developments in the domain of aug-
mented reality since 2009. 

The following recommendations are made:
Conduct a state of the art investigation into existing •	
and expected medical expert systems.
Support R&D activities to develop next generation •	
medical expert systems that:
Aid the prevention (including detection) of harmful •	
medical conditions
Aid the diagnosis of medical conditions•	
Support the treatment of medical conditions•	
Support and optimise the management of available •	
medical resources
Enable physician’s skill maintenance•	

Interdisciplinary aspects

There are clear links with many other health care disci-
plines because medical expert systems such as these will 
be useful for everyday medical practices on Earth.

1.3. Diagnostic Procedures – Key Issues

Figure 4: Possible 0-g surgical glove box 
(Credit: NASA)
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1.3.4. Key issue 8: Insufficient on-board drugs for 
medical/surgical procedures. - Provide the capability 
to offer sufficient drugs and appropriate procedures 
to maintain on-board medical risks at an acceptable 
level.

This is a key issue of the highest priority for space 
medicine operations during manned space explora-
tion missions. For details of relevance, latest develop-
ments, Earth benefits and applications, see the report 
from THESEUS “Medication in Space” expert group.

1.3.5. Key issue 9: Insufficient on-board equipment 
to make sufficient medical procedures available for 
appropriate health care delivery. - Provide on-board 
capability to maintain medical risks at an acceptable 
level.

This is a key issue of the highest priority for space 
medicine operations during human space explora-
tion. The health care technology field is a domain that 
continually progresses and evolves. 

Considering the long time before the actual develop-
ment of a human space exploration mission, 

the following recommendations are made: 

Support the development and update of risk as-•	
sessment protocols that can be used to enable 
the identification of medical equipment and pro-
cedures required for exploration.
Support R&D activities in microgravity compat-•	
ible medical equipment and procedures.

Interdisciplinary aspects

Links with other disciplines and Earth applications are 
for example: emergency preparedness for terrestrial 
expeditions, military operations and small group, iso-
lation and confinement activities.

1.3.6. Key issue 10: Insufficient on-board surgical tech-
niques and devices (e.g. endoscopic procedures, re-
straint systems etc.) - Provide sufficient on-board sur-
gical techniques and devices to maintain medical risks 
at an acceptable level.

This is an open issue for space medicine operations 
required for human space exploration missions. The 
health care technology field is a domain that continu-
ally progresses and evolves. 
Considering the long time before implementing the 
development of human space exploration missions, 

the following recommendations are made:

Support the development and update of risk as-•	
sessment protocols to be used to enable the iden-
tification of the surgical techniques and devices 
required for exploration.
Support R&D activities in to microgravity compat-•	
ible surgical techniques and devices.

Interdisciplinary aspects

Links exist with other disciplines, however, there is 
little cross over with terrestrial healthcare except for 
situations where small groups are required to exist in 
long duration confinement circumstances.

Figure 5: ISS Crew Restraint System (Credit: NASA)
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1.4. Medical Education and Skill 
Maintenance – Key Issues

1.4.1. Key issue 11: Insufficient provision of virtual reality 
training systems/human patient simulators. - Provide on-
board capability to maintain medical risks at an acceptable 
level during human exploration missions.

The maintenance of on-board medical skills is an issue 
of the highest priority for space medicine operations for 
human space exploration missions. The field of electron-
ic training is presently in a state of exponential growth, 
promising to produce highly useful and effective tools in 
the near future. 

The following recommendation is made: 

Support the development of virtual techniques, sys-•	
tems and simulators for the maintenance of medical 
skills, treatment and crew education.

Interdisciplinary aspects

Links exist with other disciplines where skill maintenance 
in an isolated environment is required. With the exception 
of small group isolation/confinement activities, there are 
few terrestrial operational applications, however, advances 
in e-skills training may be applied in many industries to re-
duce the need for direct expert lead training.

1.4.2. Key issue 12: Lack of provision of appropriate medi-
cal curricula for physician astronauts. - Provide capability to 
achieve and maintain physician skill sets and knowledge to 
maintain medical risks at an “acceptable” level during hu-
man exploration missions.

The provision of space medicine-specific academic cur-
ricula is an issue of high priority for space medicine opera-
tions in preparation for human space exploration missions, 
to ensure on-board medical knowledge is appropriate. The 
domain of medical training is constantly evolving and will 
continue to do so. 

The following recommendation is made:

Support the identification and development of space-•	
health specific curricula which include physical, psy-
chological and social elements in relation to mission 
scenarios/constraints.

Figure 6: Surgery Trainer (Credit: Ohio Super-
computer Center)
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Interdisciplinary aspects

Links exists between this domain and other terrestrial 
human medical specialities where space specific aca-
demic content is relevant e.g. baro-medicine, disuse 
atrophy. 

1.5.1. Key issue 13: Lack of provision of methods to 
define the minimum on-board medical infrastructure 
needed to maintain medical risks at an “acceptable” 
level during human exploration missions.

This is a key issue of high priority for future space med-
icine operations. The methods defined shall be coher-
ent with exploration mission safety objectives where 
medical issues will be but one aspect of risk among 
others. The current approach is the probabilistic risk 
assessment method; an evolution of this method or 
new forms of risk assessment will be required. 

The following recommendation is made:

Support the development of updated risk assess-•	
ment methods and associated mitigation strate-
gies to be used prior to the finalisation of explora-
tory mission design and associated infrastructure.

Interdisciplinary aspects

Many links are possible with other human activities 
where risk and its mitigation is of concern. The risk as-
sessment models will be applicable to various aspects 
of space missions but also to terrestrial endeavours 
such as military operations, expeditions and extreme 
environment resource acquisition (e.g. oil rig opera-
tions).
Due to the limitations of health care delivery and 
diagnostics capabilities which are below terrestrial 
standards, an adaptation of ethical, legal and moral 
norms is required for human space exploration.

1.6. Ethical, Legal and Moral Considerations in Space Medicine –Key Issues

1.5. On-Board Medical Resource Management – Key Issue

1.6.1. Key issue 14: What triage decisions and medical 
capability limitations shall be acceptable during hu-
man exploration missions?

This is a key issue of high priority for space medicine 
operations. These considerations shall be coherent 
with international ethical practice and mission safety 
objectives. Ethical practice is under continual debate. 

The following recommendations are made:

Encourage the international discussion, debate •	
and knowledge exchange on human exploration 
mission related ethical decisions
Support the development of ethical and medical •	
flight guidelines and rules
Support the development of adequate training •	
for the conduct of medical flight guidelines, rules 
and ethical decision making.

Interdisciplinary aspects

Many links are possible with other disciplines, and al-
though applications to terrestrial domains e.g. sociol-
ogy, philosophy and military will be in-direct, benefits 
are still likely to result.

1.6.2. Key issue 15: What criteria shall be accepted for 
the medical selection of astronaut crews for human ex-
ploration missions?

This is a current and on-going issue for space  
medicine. Future medical selection will be coherent 
with state of the art knowledge, capabilities and ac-
cepted ethical practices. Astronaut medical selection 
is under continuous evolution, but remains in-line 
with the progress of medicine. 
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The following recommendations are made:

Maintain the best practice for minimal individual risk •	
exposure.
If genetic screening or other screening methods are •	
proven to reduce risk, these methods should be con-
sidered for use.

Interdisciplinary aspects

Many links are possible with other disciplines and although 
applications to terrestrial domains e.g. sociology, philoso-
phy and military will be in-direct, benefits are still likely to 
result.

1.6.3. Key issue 16: What psychological criteria shall be used 
for the medical selection of astronaut crews for human ex-
ploration missions?

This is a current and on-going issue for space medicine in 
that society and personal behaviour norms evolve over 
time. All aspects of psychological selection will be coher-
ent with state of the art knowledge, experiences and ac-
cepted ethical practices. Astronaut psychological selection 
is continually under evaluation in line with terrestrial psy-
chology and psychiatry progress. 

The following recommendation is made:

If psychological screening methods are proven to re-•	
duce mission risks and optimise team dynamics whilst 
also increasing the likelihood of selecting appropriate 
crew for exploration missions, then these methods 
should be evaluated and considered for use.

Interdisciplinary aspects

There are clear links with other social and psychological / 
psychiatric disciplines in relation to space and terrestrial 
healthcare for similar circumstances involving small group 
dynamics and stressful activities.
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Whenever drug treatment is needed, medica-
tion must be effective. Drugs may be used dur-
ing spaceflight for several purposes, including: 

Emergency situations•	
Acute intervention (emergency drugs, possibly •	
including stored blood products)
General medical issues (e.g. pain, infection, sleep •	
problems, gastrointestinal problems)
Pharmacological countermeasures during tran-•	
sition phases to support the cardiovascular and/
or vestibular systems during launch and landing, 
or to ameliorate the effects of long-term stays in 
space (bone, muscle, radiation, cardiovascular 
system, sleep, immune system, kidney, vitamin 
supplementation etc.)

The  ‘Medication in Space’  Expert Group based its work 
on the evaluation of issues it identified as relevant for 
its area of expertise. Of these issues and considering 
the inputs received from the community, the Group 
came up with a list of 9 Key Issues of the highest prior-
ity grouped in four overarching themes:

Importance of effective drug treatment in human •	
spaceflight
Unwanted side effects and toxicity of medication •	
in space
Effects of spaceflight on pharmacokinetics•	

Effects of spaceflight on pharmaco-dynamics•	
The priorities of research necessary to support fore-
seen space travel and planetary exploration represent 
a unique set of problems whose solutions demands 
an in-depth understanding of the whole human body 
and cross-disciplinary work between life scientists, en-
gineers and technologists. All the necessary expertise 
has been acquired by European scientists during the 
past decades. In the context of the THESEUS project, 
the objective of this Expert Group was to gather this 
European expertise and create synergies, allowing 
an integrated approach on emerged priorities of re-
search. Because of the necessary holistic approach, 
those research programmes obviously required the 
involvement of scientists whose expertise is dissemi-
nated across Europe.  

The following sections present the conclusions the 
‘Medication in Space‘ Expert Group. This group met 
during two expert workshops in 2010. The workshops 
were organised sessions aimed at considering the key 
questions to address, the latest developments, the 
gaps to fill and the Earth-based applications. 

The Expert Group recommends that key issues 
presented in this report are considered at their 
true value and addressed in future research pro-
grammes.

2.2.1. Key Issue 1: Is there evidence supporting 
changes in drug efficacy in-flight? 

The fact that a gap in knowledge currently exists on 
this topic caused the expert group to consider this 
of highest priority given the unacceptable risks that 
would result during an exploration mission should 
space-induced drug changes be evidenced in-flight. 
There is some evidence of changes in pharmaco-dy-
namics and kinetics and reports of altered molecular 
mechanisms due to space flight. Unfortunately, too 
few in-flight or ground simulation studies have been 

conducted for adequate insight in to the matter. The 
expert group recommends implementation of a struc-
tured programme to increase knowledge of drug effi-
ciency in space, and thus, ensure proper treatment of 
astronauts in-flight.

Interdisciplinary aspects

There is a clear link with radiation and immunology 
issues. Progress in the field of space pharmacology is 
of concern to the terrestrial pharmacology domain 
as increased knowledge concerning space induced 

Medication in Space2

2.1. Introduction

2.2. Importance of Effective Drug Treatment in Human Spaceflight– Key Issues
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pharmaco-dynamic and kinetic changes in relation 
to microgravity will have a bearing on pharmaceuti-
cal use in the 1-G supine, seated and upright positions 
and will thus be of clinical interest.

2.2.2. Key Issue 2: Which systems/pathways are opera-
tionally important for human spaceflight and why?

Studies with micro-arrays have demonstrated that 
many systems (e.g. adrenergic system, immune reac-
tivity pathways and metabolism) change with altered 
gravity.

There is a knowledge gap concerning human drug re-
ceptor systems and pathways under spaceflight con-
ditions. Any improvement in related knowledge will 

be relevant to human exploration missions and will 
aid the understanding of and improve the ability to 
master mission related risks. At the present time, few 
studies have been conducted in relation to this issue. 
Future studies should focus on the systems of high 
importance for drug efficiency in space that are most 
likely influenced by microgravity.

Interdisciplinary aspects

Clear links exist between Earth and space medicine 
issues and a better knowledge of drug receptor sys-
tems and pathways, in particular linked with the en-
vironment, will be of benefit to both terrestrial and 
space medicine.

2.3. Unwanted Side Effects and Toxicity of Medication in Space – Key Issues

2.3.1. Key issue 3: What classes of drugs should be 
studied as a priority to sustain the health and perform-
ance of astronauts during spaceflight?

The following classes were highlighted:
Alpha-mimetics (orthostatic intolerance)•	
Analgesics (back pain)•	
Antiemetics (Space Adaptation Syndrome)•	
Catecholamines (emergency medicine)•	
Sleeping pills•	
Antibiotics (bacterial Infection)•	
Anti-mycotics (fungal infections)•	
Medication against bone changes (bisphospho-•	
nates etc.)
Medication for Radiation Protection (e.g. solar •	
particle events)
Nutraceuticals (specific nutrition based medica-•	
tion)

The fact that a gap in knowledge currently exists con-
cerning the side effects and toxicity of medications 
(some already used in space) has caused the experts 
to view this issues as a highest priority given the unac-
ceptable risks that would result during an exploration 
mission should this issue not be resolved. Unfortu-
nately, too few in-flight and ground simulation stud-
ies have been conducted to date for adequate knowl-
edge on the matter.

Several classes of drugs should be prioritised for study 
in order to properly sustain the health and perform-
ance of astronauts during spaceflight. Future work 
and suggested solutions should take into account the 
possible frequency of use of various drugs by astro-
nauts in space, which drugs are commonly used, dur-
ing what situations (extant and expected), preventa-
tive use and possible impacts on performance in ad-
dition to possible unwanted side-effects. Drug tests 
should also involve terrestrial analogues such as bed 
rest, animal models, cellular and molecular studies as 
well as in-flight studies with astronauts as subjects.

Interdisciplinary aspects

Clear links exist with many medical and physiological 
issues. Improvements in the knowledge of the side ef-
fects and toxicity of medication in the space context 
is of concern to the terrestrial pharmacology domain 
in so far as it increases the knowledge of drug use in 
relation to human physiology and the effects of the 
environment on this relationship.
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2.3.2. Key issue 4: Which drugs may have what 
important unwanted effects? What classes of drugs 
should be studied to prevent toxicity and risk issues 
during human spaceflight? What are the important 
drug interactions that should be avoided?

Each drug from the list above may have important 
unwanted effects, however, very little is known con-
cerning additional, space-specific side effects and/or 
interactions. This gap in knowledge is relevant to hu-
man space exploration, but unfortunately, no studies 
have been conducted in-flight or during microgravity 
ground simulations. The development and use of a 
database on drug side effects and interactions is rec-
ommended as a precursor to operational use of drugs 
during space exploration missions. Consequently, it 
will be necessary to establish a pharmacovigilance 
system on the adverse effects of drugs and of drug 
interactions used in space.

Interdisciplinary aspects

Clear links exist with medical and physiological is-
sues. Improvements in the knowledge of the side ef-
fects and toxicity of medication in use in space will 
be of benefit to terrestrial pharmacology through an 
increased understanding of the generic pharmaco-
dynamics and kinetics of drug use.

2.3.3. Key issue 5: What pre-flight or in-flight tests 
should be conducted to avoid or assess possible 
side effects such as allergic reactions, problems from 
pharmaco-genetics or influences on performance?

To avoid additional risks, the expert group recom-
mends that genetic screening for possible hereditary 
alterations in drug effectiveness should be conducted 

for the selection of crew for human exploration mis-
sions. The expert group is aware of only one study 
conducted during microgravity ground simulations 
(head down tilt bed-rest). Genetic screening for possi-
ble hereditary alterations in drug effectiveness should 
be implemented during the basic medical assessment 
of astronauts, as it may save them from future nega-
tive side–effects of drug use. 

Interdisciplinary aspects

This is essentially a terrestrial medical matter. How-
ever, a clear link with space medicine exists in relation 
to the selection of astronauts. In this regard terrestrial 
progress can be applied for space medicine benefit.

2.3.4. Key issue 6: What tests should be conducted to 
assess the possible influences of medication on pre-
flight and in-flight performance and sleep quality?

Some examples of standard tests that should be con-
ducted include; neuro-physiological measurements 
(including EEG, EMG and EOG) and psychomotor tests 
including cognitive batteries. To avoid additional risk, 
the expert recommendation is that the influences of 
medication on astronaut in-flight performance should 
be conducted before human space missions begin. At 
the present time only anti-emetic medication is test-
ed before flight due to their systematic use pre- and 
in-flight. As there are currently no standard tests for 
other medication use in the spaceflight, aviation or 
driving domains, appropriate assessments should be 
developed as a high priority. These tests should first 
be applied on earth and subsequently in flight when 
they are established.

Figure 7: ISS Medication Kits (Credit: NASA)
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Interdisciplinary aspects

Effective sleep and high performance are crucial for 
the safety of astronauts and other humans working in 

fields where a high level of vigilance is required. Con-
sequently clear links exist with the aero-space, military 
and driving domains. Terrestrial progress in this regard 
will be of benefit when applied to space medicine.

2.4. Effects of Spaceflight on Pharmacokinetics– Key Issue

2.4.1. Key issue 7: It is important to know whether the 
pharmacokinetics of various drugs in space is altered. 
What pharmacokinetic changes in what classes of 
drugs have the most important clinical impact in 
space?

The spaceflight environment induces physiological 
changes which may influence drug pharmacokinet-
ics at different levels. These physiological effects may 
modify the pharmacokinetics of the drugs adminis-
tered in-flight producing a modified disposition lead-
ing to reduced pharmacological activity or the ap-
pearance of adverse side-effects. Data from bed rest 
studies have demonstrated changes in pharmacoki-
netics of certain drugs used as probes, e.g., lidocaïne 
(hepatic blood flow), oral acetaminophen or promet-
hazine (digestive absorption). 

It is important to know whether the pharmacokinet-
ics of various drugs in space is altered. Research is re-

quired on the spaceflight-induced pharmacokinetic 
changes of different classes of drugs and on the iden-
tification of those likely to have the most important 
clinical impact during manned space. 

This needs to be addressed especially for drugs that 
are expected to be used in-flight. Drugs with a nar-
row therapeutic window will require more attention. 
Investigations should be achieved in relation to the 
environment, under micro- and hyper gravity condi-
tions as well as with respect to sedentary lifestyle and 
subject position (upright, seated, supine/bed rest, 
head-down tilt).

Tests should also be done in flight with sub-clinical 
doses to assess changes in the kinetics of the respec-
tive drug. They should also include different routes of 
administration to find out the best method of use in 
space. 

2.5. Effects of Spaceflight on Pharmaco-Dynamics – Key Issues

Evidence from molecular research has demonstrated 
that expression and function of some receptors and 
signal transduction mechanisms in several cell types, 
may be changed in microgravity (e.g. adrenergic re-
ceptor sensitivity, lymphocyte second messenger sys-
tems). Therefore the effectiveness, i.e., the pharmaco-
dynamic characteristics, of several classes of drugs are 
likely to be altered in space, however, no detailed stud-
ies have addressed this topic yet.
Human studies shall have top priority. A data base 
should be established to document the clinical effec-
tiveness and side effects of drugs used in space and to 
compare these with terrestrial equivalents. To closely 
monitor drug effects, specific and standardised tests 
and questionnaires should be developed and used 
during human space flight operations. The tests and 
questionnaires must be short and simple to use to 
minimise in-flight crew time use. 

Animal studies are also prioritised. Wild type and trans-
genic mouse models may be used to answer specific 
questions arising from observations in astronauts or 
molecular changes observed in cellular studies. These 
animal studies may be most appropriately performed 
using Biosatellites. Cellular/molecular studies shall also 
be considered a top priority. 

Cellular/molecular studies are easy to be implemented 
and can deliver high quality information on changes in 
drug effects and signal transduction cascades as well 
as in pathogen physiology. Clinostats and centrifuga-
tion experiments will help to better characterise the 
effects of gravity on cells and to identify the most rel-
evant questions that can be addressed by in-flight ex-
periments. In the next few years the excellent Russian 
Biolab and ISS facilities should be extensively used in 
this respect.
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2.5.1. Key issue 8: What evidence exists of pharmaco-dy-
namics changes resulting from posture and physical (in)
activity seen in clinical studies (bed ridden patients, seden-
tary people)?

There is a knowledge gap concerning pharmaco-dynamics 
and subject posture and activity levels. Any improvement 
in knowledge will be relevant to human exploration mis-
sions and will aid the understanding of and improve the 
ability to master mission related risks. At the present time 
few studies have been conducted in relation to this issue

2.5.2. Key issue 9: What models should be used to study 
pharmaco-dynamics?

Appropriate models for the study of space induced chang-
es in pharmaco-dynamics are; human studies i.e. bed rest 
(supine vs. upright, head down tilt), space flight and dry 
immersion; animal studies (tail suspension, hyper-gravity, 
space flight, wild type, transgenic/knock out), tissue/cel-
lular/molecular studies such as Klinostat/random position-
ing, centrifugation, and in-flight experiments (e.g. bios-
atellites, ISS), as well as computer simulation models (in 
silico).  
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