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INTRODUCTION:

A recent finding of a deep venous thrombosis during spaceflight has prompted the need to clarify mechanisms and

risks of venous thromboembolism (VTE). In turn, mitigation countermeasures, diagnostic modalities, and treatment
options must be explored. The objective of this review was to synthesize current evidence on VTE in spaceflight.

METHODS:

A literature review was performed from inception to April 2023 pertaining to VTE in the context of spaceflight or

ground-based analogs with human participants. PubMed was searched for papers written in English using the terms

“spaceflight” or “weightlessness” and “thrombotic” o

using cellular or animal models were excluded.
RESULTS:

r“embolism” or “thromboembolism”in “venous” or “veins”. Papers

There were 63 papers captured; 7 original scientific studies, 3 narrative reviews, 2 systematic reviews, and 3

commentaries discussed VTE in spaceflight. Reference lists were screened. Important themes included: altered venous
hemodynamics, increased fibrinogen and coagulation markers, hypoalbuminemia, and immune dysfunction. Additional
risk factors may be seen in women, such as the use of oral contraceptives.

DISCUSSION:

Venous stasis and decreased shear stress secondary to fluid shifts may induce inflammatory changes in the venous

system, resulting in endothelial damage and upregulation of the coagulation cascade. Additionally, women in space
are subject to physiological factors increasing their VTE risk, such as the use of oral contraceptives, inducing increased
blood viscosity and hypoalbuminemia. Efforts should also be placed in optimizing sensitivity and specificity of
imaging markers, payload, and training ability, notably the use of vector flow imaging, and improving point-of-testing

biomarkers, such as albumin and p-selectin.
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ntil recently, the event of the formation of a venous
thromboembolism (VTE) in astronauts was a risk not
considered to be at the forefront of space medicine due
to stringent medical selection and it having never occurred. Now,
it is a topic of much interest after the reporting of the first VTE
during spaceflight, specifically an internal jugular vein (IJV)
thrombosis,* which occurred during a low Earth orbit (LEO)
International Space Station (ISS) mission. Looking towards
exploration class missions to the Moon and Mars, it is imperative
that the risk of VTE is examined and countermeasures are
employed along with in-flight diagnostic and treatment abilities
being optimized. It is also imperative that astronauts are educated
about this risk and red flags to look out for, as well as trained in
diagnostic and treatment options available during a mission.
Exploration class spaceflight will introduce extreme environ-
mental hazards that will affect astronaut physiology. Specifically,

there are five challenges of long-duration spaceflight: higher
levels of radiation, altered levels of gravity (including hyper-,
micro-, and hypo-gravity environments), a long period of isola-
tion, an enclosed and potentially hostile living environment, and
the psychological stress associated with traveling a far distance
from Earth.>® Furthermore, during exploration spaceflight the
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effects of the extreme environment on medications, as well as
communication delays, will further challenge any manage-
ment of VTE.

VTE is a disease classification that includes clot presence
in deep veins, usually in the extremities known as deep venous
thrombosis (DVT), as well as clots that have embolized into
the pulmonary vasculature, known as pulmonary embolism
(PE). This pathology is caused by multiple precipitating fac-
tors which often interact synergistically, forming a thrombotic
event if enough conditions are met. In terrestrial medicine, we
consider Virchow’s Triad, endothelial dysfunction, venous
blood stasis, and hypercoagulability to be the physiological
factors that, when imbalanced, contribute to VTE formation.?
Multifactorial causes include modifiable and nonmodifiable
risk factors, which can be seen in Fig. 1.

While arterial structure and function in the space environ-
ment has been well-studied due to its association with cardio-
vascular disease, there have been limited studies regarding the
venous system in the space environment. Given the physio-
logical differences between the two systems, it would be erro-
neous to translate the arterial findings to the venous system
without caution, especially when assessing for VTE risk.
Spaceflight may provide influences that change these bal-
anced factors, including changes in venous blood flow, vessel
wall injury, and hemostatic imbalance.

Virchow’s

Due to the complex physiological changes in space that
increase the risk of thromboembolic and associated events, it
is necessary to identify and characterize pertinent risk factors
that may warrant a modification of the astronaut medical
selection and monitoring processes. This is especially import-
ant as humankind embarks on missions beyond LEO, where
resources will be even more limited than current missions to
the ISS. To date, we have simulation analogs and LEO and
Apollo mission physiological data—but some level of uncer-
tainty is to be accepted and planned for in terms of what might
happen to the human body during these missions.

In this review, the effects of the spaceflight environment on
the formation of VTE are considered. Mitigation countermea-
sures are also discussed, and the possible diagnostic and treat-
ment solutions are amalgamated from the evidence.

METHODS

A literature review was performed from inception to April
2023 pertaining to VTE in the context of spaceflight or
ground-based analogs with human participants. The PubMed
database was searched for papers written in the English lan-
guage using the MeSH terms: [(spaceflight) OR (micrograv-
ity) OR (weightlessness)] AND [(venous) OR (veins)] AND
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Trauma
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Radiation injury
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Fig. 1. Risk factors for venous thromboembolism (VTE) formation in the context of Virchow's Triad.
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[(thrombotic) OR (embolism) OR (thromboembolism)]. The
data was collected and analyzed descriptively.

RESULTS

This search yielded 63 results. Only papers published or trans-
lated to English were considered. Of those, seven were original
scientific studies: two head-down tilt analog studies,'®! one
parabolic flight study,* and four spaceflight studies,”>*"%* with
one corresponding to the original IJV thrombosis finding.*®
Three narrative or viewpoint reviews,'®'** two systematic
reviews,'”?? and three commentaries*!’** were relevant to
VTE in spaceflight. A summary of the initial search by category
can be found in Fig. 2. The original scientific studies included
were comprised of ground-based analog studies and spaceflight
studies. Studies from animal or cell models were excluded.
From this initial query, references were screened for other rele-
vant publications not included in the original search. Mathe-
matical models relevant to the topic of VTE were considered.
The relevant papers were classed into broad categories which
outline topics critical to the discussion of venous thromboem-
bolism during spaceflight: venous stasis, hypercoagulability,
endothelial dysfunction, the immune system, sex-based physi-
ology, and biomarkers.

One paper described a VTE occurrence during spaceflight
in a female astronaut and a partially occlusive thrombus in a
second female astronaut.* There were 12 studies (incorporat-
ing both analog and in-flight studies) that demonstrated
altered venous hemodynamics: 1 showed decreased venous
emptying," 2 reported decreased venous linear velocity,***” 2
showed decreased venous flow rates,”*® 1 reported decreased
venous compliance,” 1 showed decreased femoral vein cross-
sectional area,' and 5 demonstrated increased IJV pressure
and cross-sectional area, 3 of those being in-flight studies®***
and 2 being analog studies.**** No studies explored in-flight
coagulation; however, three studies reported increased
fibrinogen®2%7 and one reported hypoalbuminemia.’* Three
analog studies did not demonstrate an activation of the coagu-
lation system,*'®! three reported increased proinflammatory
cytokines or decreased cytotoxic T-lymphocyte function,>>!? and
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one study reported the presence of endothelial microparticles.*’
Others focused on mathematical models, VTE risk in women,
and countermeasures.

DISCUSSION

To gain a holistic understanding of VTE risk in space, factors
affecting Virchow’s Triad in the spaceflight environment must
be considered. A summary of the findings of this literature
review in the context of these alterations is illustrated in Fig. 3.

Venous Stasis

It is well established that in LEO, astronauts experience a
cephalic fluid shift as a result of the removal of the hydrostatic
gradient created by gravity due to freefall or the altered gravi-
tational field. There is also absence of the musculo-venous
pump without the use of antigravity muscle groups in the
lower body. Veins in the upper body have fewer valves than in
the lower body,* further decreasing the efficacy of the
musculo-venous pump. A previous comprehensive review,
serving as a summary of the impact of spaceflight on Vir-
chow’s Triad until 2021, identified several important papers
exemplifying the complexity of previous results.”> Changes in
blood flow have been recognized during spaceflight and in
microgravity analogs such as parabolic flight. Increased jugu-
lar vein pressure was seen during parabolic flight, as well as
progressively increasing cross-sectional area with decreasing
gravitational levels.*>* During spaceflight, increased jugular
vein cross-sectional area and pressure were seen, with an
+178% increase in cross-sectional area at Day 15 of spaceflight
and +225% at Month 5 compared to preflight values.>***
Increases in cross-sectional area have also been reported for
the portal vein, as well as the femoral vein, although with con-
tradicting results in ground-based head-down tilt and
head-down bed rest (HDBR) studies.? Leg venous compliance
was decreased in a —6° HDBR, and an increase in leg venous
resistance demonstrated decreased venous flow.” Addition-
ally, Arbeille and colleagues' reported a decrease in femoral
vein cross-sectional area in their HDBR study, indicating
the need for further clarification of venous hemodynamics

Total papers (63)

VTE-relevant papers from initial
search used in this review (15)

Original scientific (7)

Other (8)
|

In-flight (4) Analog (3)
22, 38,51,63 16, 32, 61

Narrative reviews (3)
17,19, 35 18, 23

Systematic reviews (2) Commentaries (3)

4, 11,33

Fig. 2. Initial search query results by category.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 95, No. 1 January 2024 47

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



VTE IN HUMAN SPACEFLIGHT—Levasseur et al.

Virchow's
Triad

Hypercoagulability

Venous Stasis

Increase in pro-thrombotic factors (fibrinogen)
Hypoalbuminemia

Hemoconcentration

Immunothrombosis and inflammation

Cephalic fluid shifts

— decreased flow
Venous distension
Increased pressure
Decreased shear stress

Endothelial Dysfunction

Decreased shear stress
Glycocalyx destabilization
Vascular wall remodelling
Inflammation and immune
dysregulation

Fig. 3. Factors affecting Virchow’s Triad in the spaceflight environment.

during spaceflight. Ground-based analog studies have reported
decreased cerebral outflow, suggesting decreased flow rates
with distension."*”*® There was no evidence of compensatory
mechanisms for these increases in volume, including no
increase in flow velocity, supporting that headwards fluid shifts
result in passive venous pooling.! There was no evidence of
physiological compensatory mechanisms. Decreased venous
emptying has been reported,'’ along with decreased linear
blood velocity in a week-long dry immersion study.***” This
picture of reduced flow states, combined with distention and
increased pressure within the cephalic venous system, can trig-
ger cell-signaling cascades promoting thrombus formation.?
This is extremely important in the upper body venous systems
where an increase in pressure above normal limits may impact
organs at a structural and functional level, such as increasing
intracranial pressure via the cephalic system and jugular vein
and potentially causing cerebrovascular dysregulation.®?

A retrospective analysis of the 2019 internal jugular vein
thrombotic event by Marshall-Goebel and colleagues showed
reversal of internal jugular vein flow.*® However, there exists no
clear mechanism explaining this phenomenon; in order for this
to occur, cerebral resistance, or intracranial pressure, would
have to drop significantly for venous blood to reverse given the
gravity-dependence of cerebral drainage.!® In fact, intracranial
pressure seems to increase in the upright position in astronauts
and is elevated over 24 h compared to terrestrial findings.”!
This lack of elucidation, in addition to the limitation imposed
by current imaging techniques, points away from the possibility
of retrograde flow but does not exclude the presence of flow
reduction or stagnation. The above-mentioned fluid shifts have
further consequences on intravascular volume, which may also
contribute to a hypercoagulable state.

Hypercoagulability

The cephalad fluid shift and consequent increase in central
blood volume during spaceflight result in intravascular volume
contraction. This occurs via compensatory mechanisms such as

increased urine output and decreased thirst. In turn, relative
concentrations of platelets, fibrinogen, and red blood cells
increase, which may drive coagulability.®* Synthesis of such
components affecting coagulability also seems to be increased;
increased fibrinogen synthesis was reported postflight following
a 16-d Space Shuttle mission compared to preflight measure-
ments.” In a similar vein, fibrinogen measurements following a
10-11-d spaceflight mission were significantly increased com-
pared to preflight measurements, with a nonsignificant trend
toward shortened thrombin time, pointing toward potential
hypercoagulability.?® However, there were no changes in coagu-
lability or fibrinolysis markers such as D-dimer nor any observed
changes in International Normalized Ratio and plasminogen
activity. The absence of in-flight measurements for the above-
mentioned studies limits our knowledge of the role of coagula-
bility during spaceflight. Another spaceflight study performed a
blood analysis preflight, on the day of return, and 1 wk after
return to Earth, which demonstrated increased fibrinogen alpha-
chain levels in flight, the day of the return, and postflight.*
Similarly to the Kuzichkin study, no other coagulation markers,
including coagulation factors, prothrombin, plasminogen activ-
ity, and other fibrinogen chains were elevated.

On the other hand, ground-based analog studies have had
more conflicting results. While increased aggregation and
fibrinogen concentration have been reported, platelet activation
was reduced and there were no clinically significant changes in
coagulation.*®! Similarly, during another 60-d HDBR study,
there was no evidence of coagulation system activation nor of
fibrinolysis suppression, further complicating our understand-
ing of the role of hemostasis in long-duration spaceflight.'®
Further investigation of blood volume reductions and hemo-
concentration is warranted.

Launch day and landing day are both physically demanding
and are associated with increased levels of fibrinogen synthesis
alongside other signs of acute phase response.”> However, it is
uncertain whether these acute changes are linked to clinically
significant coagulation activation. It is also important to
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consider that the physical demands of landing may have enough
force to dislodge a thrombus, increasing the risk of a venous
thromboembolism adverse event. It can be seen that we do not
yet have a clear understanding of coagulation dynamics in
space. One underlying factor is that there are no studies investi-
gating in-flight coagulation parameters such as velocity index,
peak thrombin, and time-to-peak.”® Gaining an understanding
of these parameters would clarify the effect of re-entry into
the gravitational environment on coagulation. Furthermore, to
holistically understand coagulability in space, endothelial dys-
function must also be considered. Hypercoagulability is inti-
mately linked with endothelial dysfunction as coagulation
factors are released from the endothelium, such as tissue plas-
minogen activator, further complicating the independent anal-
ysis of hypercoagulability in space.!”

Endothelial Dysfunction

It is well known that endothelial dysfunction plays a vital role
in the formation of thrombotic events. Additionally, several
mechanisms contributing to endothelial dysfunction may be
present or exacerbated in spaceflight conditions. Lowered
shear stress, such as in reduced or low flow situations, has been
associated with thrombosis via upregulated proinflammatory
changes and prothrombotic markers, overriding the protective
mechanisms, such as fibrinolysis, usually present with wall
shear stress.”®* Additionally, this increase in inflammatory
components upregulates the Von Willibrand factor and other
coagulation factors, activating the coagulation cascade while
promoting arterial atherogenic events.® It is currently unclear
how weightlessness affects endothelial shear stress in both
venous and arterial systems. However, fluid shifts in space-
flight likely lead to lowered shear stress given low flow states.
Despite this, no causal relationship between reduced venous
flow and the coagulation cascade in spaceflight has been
concretized.

The extent of endothelial damage as a result of these inflam-
matory changes is also not well understood. Both direct inflam-
mation markers and endothelial dysfunction markers have
been found to be elevated in VTE.!” However, a causal link has
yet to be elucidated. On Earth, increases in venous pressure
have been shown to result in wall inflammation and remodel-
ing, causing endothelial dysfunction.”® It has not yet been
demonstrated that during spaceflight the increase in venous
pressures secondary to cephalad fluid shifts also results in the
same inflammatory and remodeling process. There have been
reports of endothelial microparticles suggesting endothelial
damage after enforced physical activity in dry immersion stud-
ies, which has limited applicability to the spaceflight climate,
inciting the need for further research.*’

The endothelial glycocalyx is an important mechanotrans-
ducer that signals endothelial cells to produce vasoactive sub-
stances in response to shear stress. Additionally, it is a vital
component of endothelial platelet aggregation, reduces inflam-
mation, and maintains fluid homeostasis. Certain stressors can
result in destabilization of the glycocalyx, negatively impacting
the integrity of the endothelium. In turn, many biochemical

VTE IN HUMAN SPACEFLIGHT—Levasseur et al.

substances stabilize the glycocalyx, such as albumin.®® Hypo-
albuminemia is a phenomenon previously identified in the
spaceflight environment, supporting the presence of endothe-
lial dysfunction and thus VTE risk. Additionally, decreased
albumin increases blood viscosity, another established VTE
risk factor, by altering phospholipid biochemistry and in con-
sequence red blood cell elasticity. Interestingly, the astronaut
who developed a VTE during the 2019 mission had hypoalbu-
minemia and the highest blood viscosity among the astronauts
participating in the retrospective study. These changes signal
the need to further investigate trends in albumin during space-
flight and assess its use as a biomarker.

In addition to Virchow’s Triad, it is important to consider
the impact of the immune system on VTE formation.
Increasing evidence supports that the immune system itself
can promote the coagulation cascade in a phenomenon called
immunothrombosis."

Immunology

It is widely accepted that there exists a complex interaction
between the immune system and the coagulation pathway;
duringlocal infection or inflammation, the innate immune sys-
tem has been found to promote thrombus formation as a
first-line defense for infection control, supporting host defense
via immunothrombosis."”® Furthermore, evidence exists that
medications with anti-inflammatory properties such as statins
may reduce the incidence and recurrence of VTE, supporting
the interplay between the coagulation and immune systems.?%’
Other studies have further explored this relationship, with var-
ied conclusions. One review paper suggests a double role for
inflammation as both a cause and effect of VTE. Patients with
VTE exhibited high levels of proinflammatory cytokines Inter-
leukin 6 (IL-6) and tumor necrosis factor alpha compared to a
control group without VTE.>® Proinflammatory cytokines pro-
mote the coagulation pathway by inducing the expression of
tissue factor, mainly found on monocytes.” Interestingly,
proinflammatory cytokine levels remained elevated in patients
despite halting anticoagulation therapy. Further, high levels of
IL-6 sustained after VTE have been correlated to post-disease
complications.”>** Often referred to as the “messenger cyto-
kine’, IL-6 activates many proteins involved in the thrombosis
pathway, such as fibrinogen.®’ Studies have been able to cor-
relate IL-6 plasma levels to cases of VTE.* Further research is
necessary to understand the complex role of proinflammatory
cytokines on VTE development.

Another factor of inflammation promoting VTE develop-
ment is the role of platelets in forming a thrombus, and poten-
tially activating innate and adaptive immune cells. To prevent
pathogens from spreading in circulation, platelets facilitate the
innate immune response by interacting in aggregates primarily
with monocytes and neutrophils. Specifically, platelet-monocyte
aggregates have been correlated with VTE in older patients,
suggesting a link between viral and bacterial infections and
VTE development. Subsequently, platelets may facilitate the
adaptive immune response by activating dendritic cells and
promoting T-cell differentiation.”*
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Aside from platelets, leukocytes have also been functionally
linked to the formation of VTE. Neutrophils are involved both
in thrombus formation and resolution. In the early stages of
thrombus formation, neutrophils are recruited in high quanti-
ties. They release neutrophil extracellular traps, which engage
platelets to promote the coagulation pathway. Monocytes also
work in tandem with neutrophils to promote thrombosis by
aggregating to the vein wall.” Natural killer (NK) and NK-like
T cells produce interferon-gamma, which helps to promote
thrombus formation.** In studies conducted with VTE-induced
mice, thrombus size was smaller in interferon-gamma-deficient
mice compared to wild-type mice.*

It is known that the spaceflight environment impacts the
immune system. Spaceflight-mediated immune dysregulation
introduces functional deficits to many leukocytes, including
NK cells, macrophages, monocytes, T cells, and B cells.
Notably, reduced gravity in spaceflight decreases the cytotoxic
function of T lymphocytes and NK cells.*'? Additionally,
spaceflight-mediated immune dysregulation introduces latent
viral reactivation, which puts astronauts at high risk for devel-
oping infections.” As previously discussed, inflammatory
activity as a result of viral infections is a risk factor for VTE
development. Astronauts on a mission with a 6-mo duration
or longer also show increased plasma levels of proinflamma-
tory cytokines.” Increased levels of proinflammatory cyto-
kines in astronauts on long-duration spaceflight missions may
promote thrombosis and subsequently increase the risk of
VTE development in astronauts. Despite the probable rela-
tionship between spaceflight-mediated immune dysregula-
tion and VTE risk in astronauts, few studies have been
conducted to assess their correlation.*"#24

Sex Differences
Both women and men undergo headwards fluid shift and the
associated compensation mechanisms to reduce blood pres-
sure, including a reduction in plasma volume by barorecep-
tors to maintain a euvolemic state and counteract the increased
upper extremity volumes. During bed-rest studies, women
have been shown to have reduced total peripheral resistance
and suffer worse orthostatic intolerance upon reintroduction
to gravity.**>8

Female physiology in space and the related VTE risk may
also be complicated by the use of oral contraceptives (OCPs),
since on Earth its use doubles the risk of VTE.> The space
environment likely increases this risk, alongside any throm-
bophilia or other associated conditions. Data so far is limited
and contradictory. A retrospective study demonstrated no dif-
ference in VTE risk in female astronauts post-mission accord-
ing to OCP use, as well as no differences in hematological
measures and biochemical variables.?> However, this study
did not control preflight and postflight data timing and had a
very small sample size, which further hinders an accurate
screenshot of in-flight risk. As previously mentioned, high
blood viscosity and low albumin levels were two biochemical
factors present in the astronaut who sustained a VTE,
who was also on a third-generation combined OCP (COC)

containing Drospirenone. These COCs have been demon-
strated to reduce albumin synthesis and secretion, leading to
deficiency in maintenance of the vascular endothelium.®* In
the same study, COC use was also found to be associated with
increased inflammatory markers and higher transferrin lev-
els. This highlights the importance of investigating the safety
of COC use during spaceflight and of determining the safest
generation to be employed by female astronauts.

According to Ronca and colleagues, the average age of
female astronauts for long-duration missions has increased
since missions earlier than 2014,>> which is an important fac-
tor to consider as middle-aged women in the 40-50-yr age
group have a doubled VTE risk compared to women less than
30yr of age.” The risk of age, compounded with the effects of
COC and the unknown risk of spaceflight, may be a cause of
concern for this astronaut population. It would be beneficial
to further characterize the risk of female astronauts taking
OCPs and further understand the interactions between the
two factors to better prevent future thromboembolic events.

Diagnostic Ability and Biomarkers

Ultrasound is the modality of medical imaging used for med-
ical care and physiology studies aboard the ISS. During explo-
ration class missions, this is likely to be a mainstay, with other,
larger payload modalities unlikely to be taken to Mars with
current mission projections. However, ultrasound studies
have some inherent limitations that cannot be overlooked.
Firstly, specialized techniques are required to identify thrombi
on ultrasound, which also requires expertise. Additionally,
ISS ultrasound studies have often evaluated select venous
portions.'® This differs from terrestrial clinical work-up for
VTE wherein a large area is analyzed for pathology. Thus, we
cannot exclude the possibility of missed thrombi; more exten-
sive training is required to ensure such events are not missed
in the future.

Duplex ultrasound is a valuable tool in screening and diag-
nosing VTE; it is also realistic in terms of payload and astronaut
skill burden.!! However, due to respiratory and cardiac cycles in
addition to its asymmetrical walls, internal jugular vein blood
flow patterns are nonuniform, yielding complex patterns on
Doppler. These patterns, which include flow separation and
recirculation such as eddies, are erroneously identified as retro-
grade flow.!”*® Thus, in-flight diagnostic specificity for the
measurement of cerebral venous flow patterns may be amelio-
rated by the utilization of newer technologies such as vector-flow
imaging. These findings highlight the lack of concrete imaging
markers in addition to biochemical markers, as mentioned in
the previous section.

On Earth, biomarkers alone are not sufficient for the diag-
nosis of VTE. The use of D-dimer, although used in preclini-
cal risk assessments, is limited and warrants further imaging
when positive due to its lack of specificity. Further terrestrial
research is required to facilitate the diagnosis of VTE by iden-
tifying potential biomarkers, which could further assist in
diagnosis during spaceflight, where other imaging resources
are limited. Topical reviews have reported several studies with
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high levels of P-selectin, a cell adhesion molecule, in patients
with VTE.>*' Despite its superior diagnostic performance
compared to D-dimer, especially when combined with the
Wells score, it has not yet been adopted in global medical
practice. Endothelial microparticles have also been reported
to be elevated in the presence of inflammation and VTE with
limited evidence, thus it cannot yet be ascertained as a novel
biomarker.?! Low serum albumin is an independent risk fac-
tor for VTE, and thus should be further investigated as a bio-
marker.®> One qualitative systematic review looked in detail to
identify venous endothelial dysfunction biomarkers relevant
to VTE formation in astronauts.!” Distinction between arte-
rial and venous systems as well as between local and systemic
inflammation was lacking. Possible biomarkers were identi-
fied but not enough evidence was seen to formally recommend
screening in astronauts. Relevant biomarkers may include
D-dimer, tissue plasminogen activator inhibitor-1, tissue factor,
plasmin-alpha2-antiplasmin, Factor VIII, von Willebrand Factor,
and soluble thrombomodulin.

There is now an occupational surveillance program for VTE
formation during human spaceflight, utilizing ultrasonic evalu-
ation, which may highlight any further incidences of VTE
aboard the ISS and missions beyond.’! There is also the pros-
pect of personalized medicine and the use of omics in monitor-
ing and tailoring countermeasures. Could we predict increased
risk through a blended model of the standardized risk model as
well as an individual astronauts genetic profile? And through
this, would it be possible to tailor treatments and countermea-
sures accordingly to properly allocate resources?

Treatment and Countermeasures
The only case of VTE in an astronaut received treatment fol-
lowing multidisciplinary input with enoxaparin (1.5mg - kg™
once daily for 33 d, followed by 1 mg - kg™! once daily to
extend therapy until apixaban could be transported to the
ISS). Apixaban, protamine, and prothrombin complex were
supplied to the spacecraft at the earliest opportunity. Apix-
aban at 5 mg twice daily was started 42 d after the diagnosis of
the VTE, and the dose was reduced to 2.5 mg twice daily 3mo
after diagnosis. Subsequent sonographic surveillance demon-
strated progressive reduction of the thrombus in the left inter-
nal jugular vein.'' Another internal jugular vein mass,
identified as a partially occlusive thrombus, was also found in
a second astronaut; however, this was not treated during the
spaceflight mission as it was not identified until during a sub-
sequent retrospective imaging analysis.*®

The use of oral agents, namely direct oral anticoagulants,
has been preferred over alternatives® due to the complexity of
administering injections in weightlessness and the availability
of reversal antidotes. To date, therapeutic interventions for
spaceflight-associated thrombosis have not been formally
investigated.>> The complex balance required between man-
aging thrombotic risk and bleeding risk probes the need for
the development of formal anticoagulation guidelines.

Preventative countermeasures, such as lower body negative
pressure, may yield promising results as it can restore venous

VTE IN HUMAN SPACEFLIGHT—Levasseur et al.

flow and maintain compensatory baroreflexes by simulating
gravitational stress.'® However, limited research exists on the
optimal dose and delivery of lower body negative pressure.
Further research is needed to evaluate the use and efficiency of
lower body negative pressure during spaceflight.

Commercial Spaceflight
Commercial spaceflight is not new, having been a reality for
decades. However, it is becoming more popular and accessible
with the advent of several new companies joining the ranks of
space tourism and scientific payload endeavors. With the widen-
ing of participation in spaceflight of individuals who may not
have been selected based on stringent medical standards, the risk
of VTE may be even larger in these space-touring populations.
The risk of VTE is well established in commercial air pas-
sengers, and so this risk will translate to commercial spaceflight
for space tourism. Just as in commercial air passenger flying,
VTE is a risk for passengers sitting for an extended amount of
time. This is primarily caused by prolonged immobilization
and dehydration, which is exacerbated if the individual (~20%
of the general public) is genetically predisposed for increased
clotting.!® A clear link between air travel and increased risk of
DVT is yet to be established, but it remains an important con-
sideration if traveling for prolonged periods of time in a con-
fined space (e.g., commercial aircraft or a suborbital flight)
Testing for thrombophilia risk factors, either hereditary or
acquired, is currently not part of certain astronaut selection
processes and has not been formally recommended for com-
mercial astronaut selection.”” Congenital findings that increase
cardioembolic accident risks, such as patent foramen ovale, are
also not part of the selection criteria.'* The astronaut medical
screening should be reassessed to better encompass risk factors
posing a threat to astronaut health. To do so, further research is
required to clarify the threats posed by such factors.

CONCLUSIONS

Although potential risk factors such as OCP and COC use and
environmental hazards for VTE in altered gravity fields have
herein been identified, causal mechanisms have not been con-
firmed and one cannot simply extrapolate risk factors for VTE
on Earth, or even in LEO, to exploration-class missions. More-
over, risk factors may superimpose if a crewmember were to
develop a malignancy or experience a traumatic injury reduc-
ing their mobility and requiring invasive intervention. More
research studies are needed to clarify the role of vessel disten-
sion, flow disturbances, and endothelial dysfunction during
spaceflight on VTE formation during spaceflight. Baseline nor-
mal values for biomarkers are needed pre-mission with changes
monitored on-mission and then upon return. Studies have
shown a lack of reliable imaging and biomarkers in assessing
VTE risk, even terrestrially, but surveillance ultrasound is used
in orbital spaceflight and we can measure biomarkers on the ISS
to further research. The use of oral anticoagulation in one
astronaut has been demonstrated in unanticipated conditions.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 95, No. 1 January 2024 51

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



VTE IN HUMAN SPACEFLIGHT—Levasseur et al.

Treatment with direct oral anticoagulants has the advantage of
reversal agents. A futuristic but real possibility is that of
3D-printing medications for Mars missions. Nonpharmacolog-
ical therapy could include focused ultrasound to degrade the
clot, utilizing ultrasound as image-guidance. Limited studies
have explored sex-based discrepancies. Countermeasures may
include exercise-based or even intermittent pneumatic com-
pression devices for the upper limbs.

With the advent of the era of long-duration, exploration-class
missions, including commercial spaceflight, it is critical to fur-
ther elucidate the mechanisms to quantify spaceflight-associated
VTE risk, mechanisms, surveillance, diagnosis, and manage-
ment, prioritizing preparedness for upcoming missions and
enabling safe exploration for all.

ACKNOWLEDGEMENTS

Financial Disclosure Statement: The authors have no competing interests to
declare.

Authors and Affiliations: Sophie Levasseur, B.Sc., Faculty of Medicine of Health
Sciences, McGill University, Montreal, Quebec, Canada; Nina Purvis, M.B.B.S.,
Ph.D., County Durham and Darlington NHS Foundation Trust, NHS, United
Kingdom; Sophia Trozzo, BMSc., Department of Medical Biophysics, Western
University, London, Ontario, Canada; Seok Hoon Chung, MDCM, Division of
General Internal Medicine, Department of Medicine, McGill University,
Montreal, Quebec, Canada; Matthew Ades, MDCM, FRCSC; Laura M. Drudi,
MDCM, FRCSC, Division of Vascular Surgery and Innovation, Centre
Hospitalier de I'Université de Montréal, Montreal, Quebec, Canada.

REFERENCES

1. Arbeille P, Fomina G, Roumy J, Alferova I, Tobal N, Herault S. Adaptation
of the left heart, cerebral and femoral arteries, and jugular and femoral
veins during short- and long-term head-down tilt and spaceflights. Eur J
Appl Physiol. 2001; 86(2):157-168.

2. Arbeille P, Provost R, Zuj K, Vincent N. Measurements of jugular, portal,
femoral, and calf vein cross-sectional area for the assessment of venous
blood redistribution with long duration spaceflight (Vessel Imaging
Experiment). Eur ] Appl Physiol. 2015; 115(10):2099-2106.

3. Arinell K, Frébert O, Blanc S, Larsson A, Christensen K. Downregulation
of platelet activation markers during long-term immobilization. Platelets.
2013; 24(5):369-374.

4. Aunoén-Chancellor SM, Pattarini JM, Moll S, Sargsyan A. Venous throm-
bosis during spaceflight. N Engl ] Med. 2020; 382(1):89-90.

5. Barnes DM, Wakefield TW, Rectenwald JE. Novel biomarkers associated
with deep venous thrombosis: a comprehensive review. Biomark Insights.
2008; 3:93-100.

6. Bigley AB, Agha NH, Baker FL, Spielmann G, Kunz HE, Mylabathula PL,
Rooney BV, Laughlin MS, Mehta SK, Pierson DL, Crucian BE, Simpson
RJ. NK cell function is impaired during long-duration spaceflight. ] Appl
Physiol (1985). 2019; 126(4):842-853.

7. Bleeker MW, De Groot PC, Pawelczyk JA, Hopman MT, Levine BD.
Effects of 18 days of bed rest on leg and arm venous properties. ] Appl
Physiol (1985). 2004; 96(3):840-847.

8. Chiu J], Chien S. Effects of disturbed flow on vascular endothelium:
pathophysiological basis and clinical perspectives. Physiol Rev. 2011;
91(1):327-387.

9. Crucian BE, Chouker A, Simpson R], Mehta S, Marshall G, et al. Immune
system dysregulation during spaceflight: potential countermeasures for
deep space exploration missions. Front Immunol. 2018; 9:1437.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

DeHart RL. Health issues of air travel. Annu Rev Public Health. 2003;
24(1):133-151.

Drudi L, Grenon SM. Women’s health in spaceflight. Aviat Space Environ
Med. 2014; 85(6):645-652.

ElGindi M, Sapudom J, Ibrahim IH, Al-Sayegh M, Chen W, et al. May the
force be with you (or not): the immune system under microgravity. Cells.
2021;10(8):1941.

Fortrat JO, de Holanda A, Zuj K, Gauquelin-Koch G, Gharib C. Altered
venous function during long-duration spaceflights. Front Physiol.
2017; 8:694.

Foster PP, Boriek AM, Butler BD, Gernhardt ML, Bové AA. Patent fora-
men ovale and paradoxical systemic embolism: a bibliographic review.
Aviat Space Environ Med. 2003; 74(6, Pt 2):B1-B64.

Gaertner E Massberg S. Blood coagulation in immunothrombosis—at
the frontline of intravascular immunity. Semin Immunol. 2016; 28(6):
561-569.

Haider T, Gunga HC, Matteucci-Gothe R, Sottara E, Griesmacher A, et al.
Effects of long-term head-down-tilt bed rest and different training regimes
on the coagulation system of healthy men. Physiol Rep. 2013; 1(6):e00135.
Harris K, Laws JM, Elias A, Green DA, Goswami N, et al. Search for
venous endothelial biomarkers heralding venous thromboembolism in
space: a qualitative systematic review of terrestrial studies. Front Physiol.
2022; 13:885183.

Harris KM, Petersen LG, Weber T. Reviving lower body negative pressure
as a countermeasure to prevent pathological vascular and ocular changes
in microgravity. NPJ Microgravity. 2020; 6(1):38.

Harris KM, Weber T, Greaves D, Green DA, Goswami N, Petersen LG.
Going against the flow: are venous thromboembolism and impaired cere-
bral drainage critical risks for spaceflight? ] Appl Physiol (1985). 2022;
132(1):270-273.

Herault S, Fomina G, Alferova I, Kotovskaya A, Poliakov V, Arbeille P.
Cardiac, arterial and venous adaptation to weightlessness during 6-month
MIR spaceflights with and without thigh cuffs (bracelets). Eur J Appl
Physiol. 2000; 81(5):384-390.

Jacobs B, Obi A, Wakefield T. Diagnostic biomarkers in venous thrombo-
embolic disease. ] Vasc Surg Venous Lymphat Disord. 2016; 4(4):508-517.
Jain V, Ploutz-Snyder R, Young M, Charvat JM, Wotring VE. Potential
venous thromboembolism risk in female astronauts. Aerosp Med Hum
Perform. 2020; 91(5):432-439.

Kim DS, Vaquer S, Mazzolai L, Roberts LN, Pavela J, et al. The effect of
microgravity on the human venous system and blood coagulation: a sys-
tematic review. Exp Physiol. 2021; 106(5):1149-1158.

Koupenova M, Clancy L, Corkrey HA, Freedman JE. Circulating platelets
as mediators of immunity, inflammation, and thrombosis. Circ Res. 2018;
122(2):337-351.

Kumar DR, Hanlin E, Glurich I, Mazza J], Yale SH. Virchow’s contribu-
tion to the understanding of thrombosis and cellular biology. Clin Med
Res. 2010; 8(3-4):168-172.

Kunutsor SK, Seidu S, Khunti K. Statins and primary prevention of
venous thromboembolism: a systematic review and meta-analysis. Lancet
Haematol. 2017; 4(2):e83-€93.

Kunutsor SK, Seidu S, Khunti K. Statins and secondary prevention of
venous thromboembolism: pooled analysis of published observational
cohort studies. Eur Heart J. 2017; 38(20):1608-1612.

Kunz H, Quiriarte H, Simpson R], Ploutz-Snyder R, McMonigal K, et al.
Alterations in hematologic indices during long-duration spaceflight.
BMC Hematol. 2017; 17(1):12.

Kuzichkin DS, Morukov BV, Markin AA, Zhuravleva OA, Zabolotskaia
1V, Vostrikova LV. [Hemostasis system indices after short-term space
flights and during 7-day “dry” immersion experiment]. Fiziol Cheloveka.
2010; 36(4):125-129 [In Russian].

Larina IM, Percy AJ, Yang ], Borchers CH, Nosovsky AM, et al. Protein
expression changes caused by spaceflight as measured for 18 Russian
cosmonauts. Sci Rep. 2017; 7(1):8142.

Lawley JS, Petersen LG, Howden EJ, Sarma S, Cornwell WK, et al. Effect
of gravity and microgravity on intracranial pressure. J Physiol. 2017;
595(6):2115-2127.

52 AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 95, No. 1 January 2024

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq


https://doi.org/10.1007/s004210100473
https://doi.org/10.1007/s00421-015-3189-6
https://doi.org/10.3109/09537104.2012.715215
https://doi.org/10.1056/NEJMc1905875
https://doi.org/10.1177/117727190800300004
https://doi.org/10.1152/physrev.00047.2009
https://doi.org/10.3389/fimmu.2018.01437
https://doi.org/10.1146/annurev.publhealth.24.100901.140853
https://doi.org/10.3357/ASEM.3889.2014
https://doi.org/10.3390/cells10081941
https://doi.org/10.3389/fphys.2017.00694
https://doi.org/10.1016/j.smim.2016.10.010
https://doi.org/10.1002/phy2.135
https://doi.org/10.3389/fphys.2022.885183
https://doi.org/10.1038/s41526-020-00127-3
https://doi.org/10.1007/s004210050058
https://doi.org/10.1016/j.jvsv.2016.02.005
https://doi.org/10.3357/AMHP.5458.2020
https://doi.org/10.1113/EP089409
https://doi.org/10.1161/CIRCRESAHA.117.310795
https://doi.org/10.3121/cmr.2009.866
https://doi.org/10.1016/S2352-3026(16)30184-3
https://doi.org/10.1093/eurheartj/ehx107
https://doi.org/10.1186/s12878-017-0083-y
https://doi.org/10.1038/s41598-017-08432-w
https://doi.org/10.1113/JP273557

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Lee SMC, Martin DS, Miller CA, Scott JM, Laurie SS, et al. Venous and
arterial responses to partial gravity. Front Physiol. 2020; 11:863.

Levy JH, Connors JM. More on Venous Thrombosis during Spaceflight.
N Engl ] Med. 2020; 382(14):1381-1382.

Li Q, Mei Q, Huyan T, Xie L, Che S, et al. Effects of simulated micrograv-
ity on primary human NK cells. Astrobiology. 2013; 13(8):703-714.
Limper U, Tank J, Ahnert T, Maegele M, Grottke O, et al. The thrombotic
risk of spaceflight: has a serious problem been overlooked for more than
half of a century? Eur Heart J. 2021; 42(1):97-100.

Lopez JA, Dong JE Shear stress and the role of high molecular weight von
Willebrand factor multimers in thrombus formation. Blood Coagul Fibri-
nolysis. 2005; 16(Suppl 1):S11-S16.

Marshall-Goebel K, Ambarki K, Eklund A, Malm J, Mulder E, Gerlach D,
Bershad E, Rittweger J. Effects of short-term exposure to head-down tilt
on cerebral hemodynamics: a prospective evaluation of a spaceflight ana-
log using phase-contrast MRI. ] Appl Physiol (1985). 2016; 120(12):
1466-1473.

Marshall-Goebel K, Laurie SS, Alferova IV, Arbeille P, Aunén-Chancellor
SM, et al. Assessment of jugular venous blood flow stasis and thrombosis
during spaceflight. JAMA Netw Open. 2019; 2(11):e1915011.

Martin DS, Lee SM, Matz TP, Westby CM, Scott JM, et al. Internal jugular
pressure increases during parabolic flight. Physiol Rep. 2016; 4(24):e13068.
Masatli Z, Nordine M, Maggioni MA, Mendt S, Hilmer B, etal
Gender-specific cardiovascular reactions to +Gz interval training on a
short arm human centrifuge. Front Physiol. 2018; 9:1028.

Mehta SK, Crucian BE, Stowe RP, Simpson RJ, Ott CM, et al. Reactivation
of latent viruses is associated with increased plasma cytokines in astro-
nauts. Cytokine. 2013; 61(1):205-209.

Mehta SK, Laudenslager ML, Stowe RP, Crucian BE, Feiveson AH, et al.
Latent virus reactivation in astronauts on the international space station.
NPJ Microgravity. 2017; 3(1):11.

Meissner MH. Lower extremity venous anatomy. Semin Intervent Radiol.
2005; 22(3):147-156.

Moreva TI. Research on the peripheral hemodynamics by the method
of ultrasonic doppler examination under the conditions of seven-day
immersion. Hum Physiol. 2010; 36(7):839-843.

Morukov B, Rykova M, Antropova E, Berendeeva T, Ponomaryov S,
Larina I. T-cell immunity and cytokine production in cosmonauts after
long-duration space flights. Acta Astronaut. 2011; 68(7-8):739-746.
Najem MY, Couturaud E Lemarié CA. Cytokine and chemokine regula-
tion of venous thromboembolism. ] Thromb Haemost. 2020; 18(5):
1009-1019.

Navasiolava NM, Dignat-George F, Sabatier F, Larina IM, Demiot C, et al.
Enforced physical inactivity increases endothelial microparticle levels
in healthy volunteers. Am ] Physiol Heart Circ Physiol. 2010; 299(2):
H248-H256.

Ogoh S, Sato K, de Abreu S, Denise P, Normand H. Arterial and venous
cerebral blood flow responses to long-term head-down bed rest in male
volunteers. Exp Physiol. 2020; 105(1):44-52.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 95, No. 1

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

VTE IN HUMAN SPACEFLIGHT—Levasseur et al.

Passerini AG, Milsted A, Rittgers SE. Shear stress magnitude and direc-
tionality modulate growth factor gene expression in preconditioned vas-
cular endothelial cells. ] Vasc Surg. 2003; 37(1):182-190.

Patel ZS, Brunstetter TJ, Tarver W], Whitmire AM, Zwart SR, et al. Red
risks for a journey to the red planet: the highest priority human health
risks for a mission to Mars. NP] Microgravity. 2020; 6(1):33.

Pavela ], Sargsyan A, Bedi D, Everson A, Charvat J, etal. Surveillance
for jugular venous thrombosis in astronauts. Vasc Med. 2022; 27(4):
365-372.

Ronca AE, Baker ES, Bavendam TG, Beck KD, Miller VM, et al. Effects of
sex and gender on adaptations to space: reproductive health. ] Womens
Health (Larchmt). 2014; 23(11):967-974.

Saghazadeh A, Hafizi S, Rezaei N. Inflammation in venous thromboem-
bolism: cause or consequence? Int Immunopharmacol. 2015; 28(1):
655-665.

Saghazadeh A, Rezaei N. Inflammation as a cause of venous thromboem-
bolism. Crit Rev Oncol Hematol. 2016; 99:272-285.

Schulz C, Engelmann B, Massberg S. Crossroads of coagulation and
innate immunity: the case of deep vein thrombosis. ] Thromb Haemost.
2013; 11(Suppl 1):233-241.

Simka M, Latacz P, Redelbach W. Blood flow in the internal jugular veins
during the spaceflight—is it actually bidirectional? Life Sci Space Res
(Amst). 2020; 25:103-106.

Stein TP, Schluter MD. Plasma protein synthesis after spaceflight. Aviat
Space Environ Med. 2006; 77(7):745-748.

Stenger MB, Platts SH, Lee SMC, Westby CM, Phillips TR et al. NASA
Evidence Report: risk of orthostatic intolerance during re-exposure to
gravity. Houston (TX): NASA Lyndon B. Johnson Space Center; 2015
[Accessed on December 1, 2023]. Available from https://ntrs.nasa.gov/
api/citations/20150007319/downloads/20150007319.pdf.

van Hylckama Vlieg A, Helmerhorst FM, Vandenbroucke JP, Doggen CJ,
Rosendaal FR. The venous thrombotic risk of oral contraceptives, effects
of oestrogen dose and progestogen type: results of the MEGA case-control
study. BMJ. 2009; 339:b2921.

Vazquez-Garza E, Jerjes-Sanchez C, Navarrete A, Joya-Harrison J,
Rodriguez D. Venous thromboembolism: thrombosis, inflammation, and
immunothrombosis for clinicians. ] Thromb Thrombolysis. 2017; 44(3):
377-385.

Venemans-Jellema A, Schreijer AJ, Le Cessie S, Emmerich J, Rosendaal
FR, Cannegieter SC. No effect of isolated long-term supine immobiliza-
tion or profound prolonged hypoxia on blood coagulation. ] Thromb
Haemost. 2014; 12(6):902-909.

Zuj KA, Arbeille P, Shoemaker JK, Blaber AP, Greaves DK, et al. Impaired
cerebrovascular autoregulation and reduced CO, reactivity after long
duration spaceflight. Am J Physiol Heart Circ Physiol. 2012; 302(12):
H2592-H2598.

Zwart SR, Aufon-Chancellor SM, Heer M, Melin MM, Smith SM.
Albumin, oral contraceptives, and venous thromboembolism risk in
astronauts. ] Appl Physiol (1985). 2022; 132(5):1232-1239.

January 2024 53

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq


https://doi.org/10.3389/fphys.2020.00863
https://doi.org/10.1056/NEJMc2001365
https://doi.org/10.1089/ast.2013.0981
https://doi.org/10.1093/eurheartj/ehaa359
https://doi.org/10.1097/01.mbc.0000167657.85143.ad
https://doi.org/10.1001/jamanetworkopen.2019.15011
https://doi.org/10.14814/phy2.13068
https://doi.org/10.3389/fphys.2018.01028
https://doi.org/10.1016/j.cyto.2012.09.019
https://doi.org/10.1038/s41526-017-0015-y
https://doi.org/10.1055/s-2005-921948
https://doi.org/10.1134/S0362119710070169
https://doi.org/10.1016/j.actaastro.2010.08.036
https://doi.org/10.1111/jth.14759
https://doi.org/10.1152/ajpheart.00152.2010
https://doi.org/10.1113/EP088057
https://doi.org/10.1067/mva.2003.66
https://doi.org/10.1038/s41526-020-00124-6
https://doi.org/10.1177/1358863X221086619
https://doi.org/10.1089/jwh.2014.4915
https://doi.org/10.1016/j.intimp.2015.07.044
https://doi.org/10.1016/j.critrevonc.2016.01.007
https://doi.org/10.1111/jth.12261
https://doi.org/10.1016/j.lssr.2020.03.005
https://ntrs.nasa.gov/api/citations/20150007319/downloads/20150007319.pdf
https://ntrs.nasa.gov/api/citations/20150007319/downloads/20150007319.pdf
https://doi.org/10.1136/bmj.b2921
https://doi.org/10.1007/s11239-017-1528-7
https://doi.org/10.1111/jth.12564
https://doi.org/10.1152/ajpheart.00029.2012

	Venous Thromboembolism in Exploration 
Class Human Spaceflight
	INTRODUCTION:﻿	﻿
	METHODS:﻿	﻿
	RESULTS:﻿	﻿
	DISCUSSION:﻿	﻿
	METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES


