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Abstract. Further development of manned space exploration requires appropriate
scientific and appropriate modern methodological approaches assessing the health
risks of participants in missions to an orbital station with high inclination of the orbit and
interplanetary missions.The "Environmental Scanning" as wellas available Internet sources
(PubMed and EMBASE; 198 relevant publications) and personal messages, followed by
expertdiscussion within the framework of an interdisciplinary working group were used to
assess the contemporary approaches of manned spaceflight risk definition, classification,
assessment and management. The results indicated that the term "risk" itself needs to be
clarified, and mathematical models based on modern approaches other than differential
calculus and providing expert support for management decisions should be developed
or adapted to available evidence-based real-world data obtained in experiments using
laboratory animals, ground-based simulation studies with the participation of volunteers,
as well as during pre- and post-flight examinations of astronauts. It is advisable for this
purpose to use interdisciplinary and interdepartmental working groups, including experts
in the field of aviation, space and marine medicine, public health and health organization
and control sciences as well as contemporary mathematical methods of analysis and
statistics.

* The article is based on the Report at the 51st International Social and Scientific Readings
Dedicated to the Memory of Yuri Gagarin, Section No. 3 “Cosmonautics and Society’, March 11, 2023,
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CoBpeMeHHble METOAUUYECKUE NOAXOAbI K OLlEHKE PUCKOB
3A0POBbA YYAaCTHUKOB NMUAOTUPYEMbBIX MUCCUK™

A.B.Jlo6aHoB’, E. 1. MakeeBa', [1. 0. MewkoB', C.A. loHomapeB?,
C.H. Yepkacos', A.D. MaweHko', 0. B. CugenbHnKoB' <

"MHcmumym npobnem ynpasneHus umeHu B. A. Tpane3Hukosa PAH, 2. Mockaa,
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AHHOTaumA. [lanbHeriwee pa3BUTME NUNOTMPYEMON KOCMOHABTUKK TpebyeT COOTBeT-
CTBYIOLLMX HAYYHbIX N COOTBETCTBYIOLLMX COBPEMEHHbIX METOAMNYECKNX NOAXOA0B K OLeH-
Ke PUCKOB AnA 340POBbA YYACTHMKOB MUCCMI Ha OpOUTaNbHYIO CTaHUUIO C 60MblWM
HaKNOHeHNeM OpOUTbI M MEXMNAHETHbIX MUCCUA. [1NA OLEHKN COBPEMEHHbIX NOAXOA0B
K onpegeneHunio, KnaccmdurkaLumm, oueHKe 1 yNpaBieHUIo puckamm NuaoTUpyemMbixX KOC-
MUYECKMX NONEeTOB 6binKn ncnonb3oBaHbl «<Environmental Scanning», a Takxke AOCTYMNHble
NHTEpPHET-UCTOYHNKK (PubMed 1 EMBASE; 198 cooTBeTCTBYIOWNX NyO6nnKauum) n nny-
Hble COOOLEeHNA C NOCNeyLWNM SKCNEPTHbIM 06CYKAEHNEM B paMKax MeXancunnam-
HapHom pabouen rpynnbl. Pe3ynbratbl MOKasanu, 4To HE06XOANMO YTOUYHUTb CaM TePMUH
«PUCK», pa3paboTaTb UM aganTMpoBaTb MaTeMaTUYECKNEe MOAENMN, OCHOBAHHbIE Ha CO-
BPeMeHHbIX NoAX0AaXx, OTAINYHbIX OT AnddepeHLnanbHOro ncuncieHuns, n obecneymsalo-
LWMe SKCNepPTHYI0 NoAAePKKY YNpaBieHYeCKX peLleHnin, K UMeoLWNMCA AoKa3aTe/lbHbIM
[AHHbIM PeanbHOro M1pa, NOMYYEHHbIM B SKCMEPMMEHTax C UCMoNb30BaHMeM nabopa-
TOPHbIX XXUBOTHbIX, HA3EMHbIX UMUTALMOHHbIX NCCNIeAOBAHNAX C yYacTmem JoO6poBOb-
LieB, a TaKXKe B Xofe npea- 1 nociienosieTHbIX 06cnefoBaHNN aCTPOHABTOB. [1nA 3ToM Lenm
Lenec§oobpa3HO NCNONIb30BaTb MEXANCLMMIIMHAPHDBIE N MEXBEAOMCTBEHHbIE paboune
rpynnbl, BKAOYaoLwue cneynanmctos B 061acTn aBuaLMiOHHOM, KOCMUYECKOW 1 MOPCKOM
MeANLMHBI, 06LWEeCTBEHHOIO 31PaBOOXPaHEHNSA, OpraHM3aL My 1 ynpaB/ieHnA 34PaBoOOX-
paHeHMeM, a TakXXe COBPeMeHHble maTeMaTnyeckne MeTodbl aHanm3a n CTaTUCTUKN.

KnioeBble cnoBa: pncK, BEpPOATHOCTb, MPOrHOCTUYECKasa MoAesb, MaTeMaTUyeckaa Mo-
[enb, SKCNepTHaa NogaepKa yrnpasneHUYeckux pelweHuit, SKCnepTHaa oueHKa, NnnnoTu-
pyemMbIi KOCMUYeCKui nonet

(DIIIHaHCIleOBaHI/Ie. On HaHCMPOBaHME OTCYTCTBOBAJO.

** CTaTbA HanMcaHa Ha ocHoBe [loknaga Ha 51-x MexayHapoaHbIX 06LeCcTBEHHO-HaYyYHbIX YTEHU-
AX, nocBAweHHbIX NnamATk KO.A. farapuHa, cekums Ne 3 «KocmoHaBTUKa 1 06uecTBo», 11 mapTa 2023
rona, Mockaa, Poccus.




Jlo6aHoB A.B., MakeeBa E. [l., MewwkoB [1. 0., loHomapeB C.A., Yepkacos C.H. u gp. CoBpeMeHHbIe...

2024;19(3):5-18 NUHdopmaums n nHHosauum / Information and Innovations

Ana yntnpoBaHua: Jlo6aHos A.B., MakeeBa E. 1., Mewkos 1. 0., [ToHomapes C.A., Yep-
kacoB C.H., MaweHko A.®., CngenbHukos 0. B. CoBpeMeHHble MeToaMnYeCcKne noaxonbl
K OLleHKe PVCKOB 340POBbI0 YH4ACTHUKOB MUIOTMPYEMbIX MUCCUI. MIHGhopmayusa u UHHO-
gayuu. 2024;19(3): 5-18. https://doi.org/10.31432/1994-2443-2024-19-3-5-18




Lobanov A.V., Makeeva E.D., Meshkov D.O., Ponomarev S.A., Cherkasov S.N. et al. Current...

2024;19(3):5-18

NHdopmaums n niHosauum / Information and Innovations

Introduction

Risk assessment is the key factor for deci-
sion making in the areas related with human
health and safety under extremal condi-
tions. The meaning of the term can be differ-
ent depending on objectives and the area of
decision making. The most difficult interpre-
tation we meet with multidisciplinary issues
or with the intersection of different fields of
science. It can include at the same time an
uncertainty or certainty measurement (risk
ratio or probability of occurrence of events),
depending on the specific situation [1].
Space Life Sciences is one of the areas where
we need to create a decision influencing on
human health and safety based on combi-
nations of incomplete and sometimes con-
troversial technical, biological and social
multidisciplinary data. In the space industry,
the concept and evaluation of risk itself can
differ significantly, for example, by using of
relatively obvious tests assessing the proba-
bility of technical failures or by using rather
complex and ambiguous methods of risk
assessment and management in biological
and social systems. The current concept and
experience of space flights medical support
is effective now and is based on long-term
experience of orbital flights in near-Earth
space at altitudes up to 55500 km. The main
risk groups have been identified, both direct-
ly related to the impact of space flight fac-
tors on the human body under spaceflight,
and under the influence of man-made fac-
tors [2]. The perspective spaceflight missions
will be conducted beyond the boundaries
of the Earth's radiation belts while the inter-
planetary missions are providing additional
requirements for medical assistance under
the conditions of communication delay and
without an opportunity to return the crew
to the Earth in reasonable timelines. The cur-
rent concept of expert support of healthcare
decision making is based on data obtained

from clinical studies comparing the impact
of interventions on the likelihood assess-
ment of certain outcomes (risk ratio) [3]. This
approach makes possible taking into ac-
count a limited number of measurable indi-
cators and the relationships between them.
It is justified and is used in ground-based
models simulating separate space flight
conditions. However, the integrated effect
of multiple factors may differ significantly
from the sum of separate factors outcomes.
Another issue in this case is the choice of
medical indicators and outcomes as well as
assessing the likelihood of their occurrence,
since the use of clinical outcomes (adverse
or serious adverse event) is not always pos-
sible for ethical and organizational reasons.
In this case, surrogate indicators are used,
for example, laboratory or instrumental exa-
mination data, which, according to expert
opinion, have a probabilistic and causal re-
lationship with clinical indicators. The selec-
tion of surrogate criteria and decision-mak-
ing based on them is becoming one of the
urgent tasks in modern healthcare manage-
ment [4, 5]. Thus, the health management of
crew members in spaceflight missions and
the medical support system for space flights
will obviously be supplemented with new
provisions related to the emergence of new
risks and the need to manage them. The
risk interpretation and assessment as well
as the relationship of those risks (including
surrogate criteria) to clinical outcomes and
threats to mission failure will be the key issue
for these provisions requiring establishing
proper expert procedure supplied with the
appropriate tools for expert decision-mak-
ing support based on an assessment of the
health risks during spaceflights.

Primary objective — analyses and selec-
tion of organizational approaches ensuring
the process of health risks selection, evalua-
tion and interpretation with the purpose of
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expert support in medical decision making
related with perspective spaceflight mis-
sions.

Secondary objective — Identification of
the most relevant and critical research are-
as for risk assessment in medical support of
perspective spaceflight missions.

Materials and methods

Environmental Scanning was used for
searching and analyzing the data related
to the risk assessment, medical support of
manned spaceflights and space industry de-
velopment. As a result, key information mes-
sages were identified and then structured
into a hierarchical scheme using the Ana-
lytic Hierarchy Process (AHP) by 7 experts
specialized in space life sciences, population
health management and control sciences.

Environmental scanning was based on
the systematic review of literature (198 rele-
vant publications) and other modes of com-
munication including personal communica-
tion [6-8].

The obtained data was used for Ana-
lytic Hierarchy Process (AHP). First the key
problem (health-related risks of perspec-
tive spaceflights) was decomposed into a
hierarchy of more easily comprehended
sub-problems, each of which can be ana-
lyzed independently. Nest these elements
were organized into hierarchical structure
by comparing them to each other two at a
time, with respect to their impact on an ele-
ment above them in the hierarchy. In mak-
ing the comparisons, the experts assessed
both concrete data about the elements and
their judgments about the elements' rela-
tive meaning and importance based on “en-
vironmental scanning” data. These numeri-
cal values reflected the number of links with
higher hierarchical elements and the capa-
bility of the lower element to meet needs of
these higher elements [9-11].

Results

Organizational approaches ensur-
ing the process of health risks selection,
evaluation and interpretation with the
purpose of expert support in medical de-
cision making related with perspective
spaceflight missions

Risk assessment of a project or process
is the base for creation of probable scenari-
os and activities aimed at reducing or elimi-
nating the consequences of these risks. The
management of the project or process is
based on selection of one of the proposed
scenarios followed by appropriate redistri-
bution of available resources. Expert support
and decision-making within a single scientif-
ic area with a limited number of similar com-
parable indicators in the same dimensions
(clinical indicators, financial costs or event
probabilities) is well developed. As the com-
plexity of the analyzed systems increases, the
number of indicators increases significantly
while these indicators become heterogene-
ous, which makes it impossible to use rela-
tively simple predictive models based on a
comparison of homogeneous indicators. In
space industry we are faced with various ap-
proaches and risk assessment criteria that are
traditional for various fields of science, but
do not combine to develop a single integral
indicator for predicting and decision-making
on issues related with the success of manned
space mission. Currently bioethics be an
example of similar expert support of deci-
sion-making dealing with similar issues and
looking for a solution influencing on human
health and satisfying all parties with conflict-
ing opinions based an interdisciplinary data.
The “environmental scanning” indicated that
bioethics does not have well-established and
specific methodological rules differing from
other areas of science as well as the similar
methodological approach, providing a diver-
sity of disciplines, tasks and quality criteria.

10
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The goals of bioethics may differ from health-
care objectives taking into account economic
and social factors [12]. Control and manage-
ment of health-related risks assessment in
manned spaceflight missions can also may
have objectives different from common
healthcare practice depending on multiple
disciplines, tasks, assessment methods and
quality criteria. Currently, the only practi-
cal way providing expert support for deci-
sion-making in such circumstances is an in-
terdisciplinary and interdepartmental group
of experts capable proceeding with a signifi-
cant amount of information (evidence-based
data) presented in various formats and gen-
erated in various areas of science’. Similar to
bioethics there is no single methodological
approach or existing interdisciplinary meth-
ods for decision-making support and provid-
ing an opportunity for analyzing and predict-
ing human health risks associated with space
missions and the primary task of such a group
is to create a methodology and methods for
further activities.

Identification of the most relevant and
critical research areas for risk assessment
in medical support of perspective space-
flight missions

The term "risk" itself in relation to med-
ical support for manned flights needs to be
clarified and supplemented, allowing the use
of risk indicators to select management de-
cisions in this area. These clarifications relate
to both the definition and evaluation criteria,
the relationship with other risks (including
risks that go directly beyond the boundaries
of medical support for manned flights), as
well as possible management decisions. For
the purpose of the study the experts agreed
that the term “risk” was interpreted as a prob-
ability of adverse event occurrence.

' WHO handbookforguideline development.
World Health Organization. 2012. P.1-56. ISBN
978924154844 1

Risk listing and ranking

There were 2 main groups of risks identi-
fied by experts depending on experts’ prior-
ities: threats to health and safety of the crew
member and/or resulting in mission failure.
Both clusters are linked and may influence
each other.

1. Occurrences affecting the health of
space crew mission covering 3 areas with
subordinated (detailed) events occupying
the lowest position in the hierarchy:

« Risks to the health of the crew members
during the mission;

« Remote health risks and complications
after spaceflights;

« Other health-related risks.

2. In the second case, the priority was
linked to mission success or failure:

« Risks of reduced functioning and op-
erational efficiency/ performance of crew
members;

« Risks associated with technical failures
that may affect health and performance;

« Risks of mission failure due to other rea-
sons.

The health risks during the forthcoming
mission are largely coincided with the fac-
tors identified during orbital flights [2] but
they can also be supplemented by factors
related to the specificity of the flights. The
concept of radiation risk is to be revised for
the flights beyond the protective action of
the Earth's magnetosphere must include the
assessment of long-term stochastic conse-
guences of the new environment and func-
tional disorders of the central nervous sys-
tem [13-15]. When landing on other planets,
local factors, such as lunar dust (regolith),
may affect the respiratory organs and mu-
cous membranes [16].

Long-term risks that can be identified
now are associated with the accumulation
of effects from exposure to adverse factors
of space flight. These factors may not man-

11
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ifest themselves or manifest themselves
slightly during the mission, but at the same
time may cause delayed health effects. Al-
though Apollo astronauts have reported
mild short-term respiratory symptoms dur-
ing and after the flight, the range of health
effects associated with acute exposure to
high doses or chronic exposure to low dos-
es of regolith has not yet been sufficiently
studied as well as of long-term effects of
exposure to heavy particles of cosmic radi-
ation [13-15].

Other health-related risks reflect those
adverse opportunities that we cannot take
into account now due to lack of experience,
but may appear in the future as separate
independent factors or as the result of the
interaction of a number of factors. At the ex-
ample of multimorbidity, we can expect that
the integrating result will exceed the sim-
ple sum of the effects of individual factors
according to the Cumulative Life Course Im-
pairment (CLCI) concept. These conditions
may occur both during the mission and
throughout the life [17]. During interplane-
tary missions associated [18].

Interplanetary flights provide no oppor-
tunity for rapid assistance from outside the
mission while functional disorders or errors
in activities of one crew member can lead
to a threat to the mission as a whole and
the health of other crew members. This
situation indicates the necessity to review
the risks ranking and severity assessment
of the consequences during perspective
missions comparing to previous orbital
flights [18].

The emergence and use of robotic sys-
tems during space flights significantly in-
creases the list of technical failures affecting
the health of crew members.

Risks associated with the failure of space-
craft technical systems have been studied
in detail [6], however, the emergence of

robotic human-machine systems and in-
teractions as well the high probability of
using these systems in space flight or plan-
etary surface research increase the weight
of these risk and the need to identify and
manage them. The risks of the mission fail-
ure generally reflect the possibility of the
development of emergency situations,
which can lead to risks to human health,
which inits turn can affect the possibility of
successful implementation of the program,
as well as the need for special requirements
for the astronaut’s selection and training.
Since health risks, work and rest conditions
and the normal functioning of on-board
equipment and systems are probabilisti-
cally related, the assessment of risks to the
health of an astronaut, in addition to med-
ical indicators, must also take into account
technical risks, which further complicates
the integrated assessment of the possibili-
ty and probability of fulfilling the flight pro-
gram.

Risk assessment and predictive models
for decision making

Risk assessment methods and predic-
tive models have been developed main-
ly for technical systems and technological
processes with relatively low number of
elements and interactions. Biological and
social systems have significantly more ele-
ments and interactions between them with
both positive and negative feedbacks which
can also change depending on known or
unknown factors. Probabilistic predictive
models are used in clinical practice and are
based on the use of one variable (treatment
method) with fixed other parameters (inclu-
sion criteria, other interventions, etc.) under
controlled conditions (randomized clinical
trials). The transfer of these data into clini-
cal practice indicates the sound outcomes
difference between results obtained under

12
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controlled conditions and Real-World Data
(RWD)>2.

The influence of unknown parameters
necessary for SIR or similar models creation,
as well as the appearance of new character-
istics (virus mutations) immediately chang-
ing all the parameters of the system led to
the fact that thousands of prognostics of
COVID-19 models created during the pan-
demic on the basis of differential functions
and probabilistic data did not work proper-
ly and could only predict the facts that had
been already observed by health care prac-
titioners themselves. At the same time, the
possibility of COVID-19 pandemic and the
specifics of its development were described
several months before its onset based on
Hopkins Institute experts’ opinions (event
201)3. Therefore, methodology and methods
for prediction and assessing the health risk
of crew members in the forthcoming space
flights conditions remains unknown. Per-
haps it should combine probabilistic (based
accumulated data and available ground-

2 Luca Marzano, Adam S. Darwich, Asaf
Dan, Salomon Tendler, Rolf Lewensohn, Lui-
gi De Petris, Jayanth Raghothama, Sebastiaan
Meijer. Exploring the discrepancies between
clinical trials and real-world data by account-
ing for Selection criteria, Operations, and Meas-
urements of Outcome. MedRxiv: the Preprint
Server for Health Sciences. doi: https://doi.
org/10.1101/2024.01.22.24301594

3 Meshkov D.O., Lobanov A.V. Cherkasov
S.N., Isyanova A.M., Martin (Shevchenko) M.A,,
Oleynikova V.S. Modern Features of the Inter-
disciplinary Approach to Mathematical Model-
ing in Medicine on the Example of the COVID-19
Pandemic. In the collection: Management of
Large-Scale Systems Development (MLSD'2022).
Proceedings of the Fifteenth International Con-
ference. Edited by S.N. Moscow, 2022. P. 1323-
1327 (In Rus).

based investigations) and expert assess-
ment of events.

Basic data for risk assessment

The next issue is related to the use of avail-
able data (clinical and surrogate indicators)
for risk assessment and creation of predic-
tive scenarios for decision making. In practi-
cal healthcare, a set of consistent procedures
has been developed to assess the safety, ef-
ficacy (RCT), efficiency (RWD) and economi-
cal effectiveness (health-economic studies)
of medical interventions. Methodology and
models for assessing of space flight "interven-
tions" affecting the human body is similar to
the methodology and models assessing the
effects of medical interventions on human
body. The logic of the sequence of stages of
evaluating interventions in healthcare is pri-
marily related to the safety of research partic-
ipants and, secondly, to the saving of limited
resources, i.e. the cost of research [20]. Ani-
mal (preclinical) studies are accompanied by
an assessment of the compatibility of these
data with humans (Phase | of clinical trials).
With positive results, the Phase Il of clinical
trials is possible and the probabilistic results
are based on surrogate criteria (laboratory or
other examinations), which should be related
to clinical outcomes (health, death, illness,
disability, etc.). The choice of these indicators,
the assessment of their probabilistic relation-
ship with clinical outcomes and the possibili-
ty of using them as a justification for manage-
ment decisions are the subject of separate
studies [4-5]. If these stages are successfully
completed, the next one is associated with
the assessment of clinical outcomes, i.e. the
transfer of a subject from one discrete state
to another (illness, health, disability, etc.). Fur-
ther, verification of the conclusions obtained
in real clinical practice, systematization and
integration of the information obtained, as
well as an economic assessment of possi-

13
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ble management decisions are carried out.
In practice, in most cases, surrogate data on
ground-based model studies involving hu-
mans (an analogue of the Phase Il of RCT and
data from biological studies using animals
including space flights [18, 21] are available.
Obtaining clinical indicators in animal studies
makes it possible to partially compensate the
lack of clinical indicators for the analysis of
pathogenetic mechanisms, but the amount
of data containing clinical outcomes in astro-
nauts completed space flights of varying du-
ration is not sufficient now [22, 23].

Conclusions

1. Interdisciplinary and interdepart-
mental expert groups in the field of aviation,
space and marine medicine, public health
and health organization, management the-
ory, mathematical methods of analysis and
statistics are capable ensuring the process
of health risks selection, evaluation and
interpretation with the purpose of expert
support in medical decision making related
with perspective spaceflight missions.

2. The following critical issues were
identified in relation with the risk assess-
ment in medical support of perspective
spaceflight missions:

2.1. The term "risk" itself in relation to
medical support for manned flights needs to
be clarified and supplemented, allowing the
use of risk indicators to select management
decisions in this area. These clarifications
relate to both the definition and evaluation
criteria, the relationship with other risks (in-
cluding risks that go directly beyond the
boundaries of medical support for manned
flights), as well as possible management de-
cisions.

2.2. An integrated hierarchical structure
of various risks interaction with both positive
and negative feedback and affecting the final
result (mission success or failure) or interme-

diate milestones (technical reliability as well
as health status and functioning of the crew
members). The list of these risks has been
identified for current flights and will be ac-
complished according to the new flight ob-
jectives and research data. These risks need to
be clearly identified and stratified according
to their consequences, relationship with key
results and milestones of the mission, taking
into account the time factor.

2.3. Creation of predictive models is ex-
tremely difficult due to heterogeneity or
lack of data as well as the relationships be-
tween the elements of an integrated risk
assessment systems. This fact indicates the
need to add the current methodology with
new one covering data validation, risk inter-
pretation, assessment and predicting.

2.4. The majority of data used for deci-
sion-making in the area is based on statisti-
cal assessment of surrogate indicators which
must have (but also may not gave) the rela-
tionship with the clinical ones. Surrogate cri-
teria utilization requires the inclusion in risk
assessment and predictive models, at least, an
expert assessment of the significance of these
risks, as well as the development of integrated
assessment methods reducing a significant
amount of information to a reasonable num-
ber of possible management decisions.

2.5. The heterogeneity of data requires
the creation of integrated predictive models
including statistical probabilistic elements
in combination with expert assessments.
ICAO matrix can be taken as a very simple
example of algorithms integrating proba-
bilistic and expert assessment while the dis-
cussed perspective predictive model must
be based on biological and medical data
(surrogate and clinical outcomes wherever
is possible) obtained in animal studies, in
ground-based model experiments involv-
ing humans as well as the results of pre-and
post-flight examinations of astronauts.

14
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