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A B S T R A C T

The recent report of a blood clot in the internal jugular vein (IJV) of an astronaut aboard the International Space 
Station (ISS) has prompted the need of the international scientific community to investigate the potential un
derlying pathophysiology. Current published research on this topic is male-centered, despite known clotting sex- 
differences and heightened risk for females on Earth. In this study, we assessed the hemostatic responses of 
female participants exposed to dry immersion simulated microgravity. Based on previous evidence from studies 
of males in simulated microgravity (head-down tilt bedrest), we hypothesized an initial increase in pro- 
coagulation activity along with increased anticoagulation activity. Eighteen healthy female participants (28.2 
± 4.1 years, 59.4 ± 6.4 kg, 64.7 ± 6.0 cm) took part in the ESA-sponsored VIVALDI I five-day dry immersion 
study. Coagulation risk was assessed with rotational thromboelastometry and thrombin-antithrombin tests. The 
results showed a significant increase from baseline for coagulation and maximum clot firmness measurements, 
and a decrease in clot formation time by the last day of dry immersion. Thrombin-antithrombin levels were 
unchanged in response to dry immersion. These data present evidence of significant changes in hemostatic re
sponses for females exposed to five days of dry immersion and suggest a possibility for increased clotting risks 
during flight.

1. Introduction

The recent report of a blood clot in the internal jugular vein (IJV) of a 
female astronaut aboard the International Space Station (ISS) has 
prompted the international scientific community to identify possible 

underlying mechanisms for this event occurrence [1]. Although Virch
ow’s triad describes three contributing factors to venous thromboem
bolism—blood stasis, endothelial injury/dysfunction, and 
hypercoagulability—many consider a hypercoagulable state the primary 
risk factor, indicating a shift in the hemostatic system toward pathogenic 
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blood clotting [2,3]. Hemostasis refers to the ability of a blood vessel to 
stop blood loss in the presence of an injury, which occurs through a 
combination of vasoconstriction, platelet activation, and activation of 
the coagulation cascade [4,5]. Primary hemostasis refers to the activa
tion of platelets and their subsequent adhesion to the injury site, while 
secondary hemostasis is the reinforcement of the platelet plug by a fibrin 
clot [6]. Several coagulation tests assess an individual’s clotting status 
by measuring the activation of secondary hemostasis, such as pro
thrombin time, which reflects clotting time attributable to the coagu
lation cascade [7]. The different tests provide information on real-time 
changes in the activity of the coagulation cascade at a time of interest. 
Alternatively, real-time coagulation testing technology, like rotational 
thromboelastometry (ROTEM), can evaluate hemostatic shifts and can 
be used with coagulation biomarkers, such as thrombin-antithrombin 
(TAT) complexes.

ROTEM provides a real-time visual assessment of blood clotting from 
the initiation phase to the stabilization of the fibrin clot, followed by its 
eventual breakdown through fibrinolysis [8]. Its measurements are 
referred to as coagulation time (CT) (the initiation phase of coagula
tion), clot formation time (CFT) (the time required for a stable clot to 
form), maximum clot firmness (MCF) (the strength and stability of the 
clot), and alpha angle (the speed of clot formation and relates to the 
kinetics of clot development) (Fig. 1). While traditional coagulation tests 
assess individual aspects of the coagulation cascade, ROTEM offers the 
additional benefit of allowing visualization of the entire cascade [9]. 
Deviations in these measurements can suggest heightened or impaired 
clotting. For instance, a shortened CT can reflect an increase in coagu
lation activity and a potential shift towards hypercoagulation.

Biomarkers, such as the TAT complex, also play a relevant role in 
investigating coagulation. TAT is a marker of a hypercoagulable state as 
it increases with thrombin production [10]. Plasma concentrations of 
TAT can help determine disruptions in hemostasis, particularly 
increased thrombin formation, especially when combined with other 
coagulation tests such as ROTEM.

On Earth, thromboelastometry (TEM) and ROTEM responses are 
modulated by sex, with females showing earlier onset of coagulation, a 
faster rate of clot development, and broader clot amplitudes with wider 
alpha angles compared to males [11–13]. Hemostatic responses in true 
spaceflight have not been reported, while findings from head-down tilt 
bed rest (HDTBR), a ground-based analogue of space, remain unclear 
[14]. Published research on hemostatic responses to microgravity al
terations has focused solely on males exposed to bed rest models, yet it 
offers valuable insights.

One study examining the changes in hematological parameters of 
healthy males during and after exposure to 60-day 6o HDTBR found that 
while CFT, alpha angle, and MCF changed over the time course of the 
study, there was no evidence that these parameters reached a point that 
showed hyper- or hypo-coagulation [15]. A similar 21-day 6o HDTBR 

study examining 11 healthy males used calibrated automated throm
bography (CAT) and tissue factor-triggered TEM, revealing a prolonged 
CT and a reduced alpha angle. However, no clinically significant hy
percoagulability was caused by the exposure to HDTBR [16]. Rosenfeld 
et al. also reported no increase in hypercoagulable states in males after 
36 h of non-tilt bed rest,but a potential increase in fibrinolytic activity 
was observed [17]. However, some research reported a tendency toward 
hypercoagulability upon re-ambulation [15,16]. Overall, these studies 
suggest that bed rest does not increase the risk of coagulation in healthy 
males; however, whether the same applies to females remains to be 
determined.

The aim of this analysis was to assess the hemostatic responses of 
female participants exposed to simulated microgravity using dry im
mersion (DI) to determine if hypercoagulation may contribute to the 
development of VTE. The current investigation was a secondary use 
analysis of ROTEM and TAT data from the VIVALDI I dry immersion 
campaign, which involved female volunteers participating in the DI 
experiment. Dry immersion involves submersion in water for extended 
periods of time while remaining dry, with participants placed in 
specially designed water baths and surrounded by a waterproof sheet 
throughout. The adaptation of participants’ bodies when submerged in 
this manner causes changes to their neurological, cardiovascular, and 
metabolic systems that resemble changes in microgravity [18,19]. Based 
on evidence from previous studies of males in ground-based simulated 
microgravity, it was hypothesized that exposure to the DI environment 
would initially increase pro-coagulation activity, which would then 
reduce. It is further hypothesized that there will also be increases in 
anticoagulation activity in response to DI. Upon re-ambulation; it is 
hypothesized that there may be increases in hypercoagulation activity.

2. Materials & methods

2.1. Participants, dry immersion set-up & blood sample collection

A comprehensive description of this study, including inclusion and 
exclusion criteria, has been previously published [20]. Briefly, eighteen 
healthy female participants (28.2 ± 4.1 years old; range: 22–39 years) 
who completed the dry immersion study weighed 59.4 ± 6.4 kg and 
were 164.7 ± 6.0 cm tall (body mass index of 21.9 ± 1.8 kg/m2), with 
an average V̇O2peak of 38.4 ± 6.5 ml/kg/min (values are reported as 
means ± standard error). The VIVALDI I study (ClinicalTrials.gov
Identifier: NCT05043974) was approved in France by the National Ethic 
Committee and French Health Authorities. All participants voluntarily 
gave their written informed consent. The ethics for secondary use 
investigation were approved by Simon Fraser University Research 
Ethics. All participants were medically screened to be cleared of any 
conditions that would interfere with coagulation activity.

Although the participants’ menstrual cycles were not controlled for, 
analysis of blood progesterone and estradiol levels in these participants 
by Robin et al. [20] found no effects menstrual cycle on their responses 
to dry immersion.

The dry immersion tank comprised a specially designed bath with 
thermoneutral (32–34.5 ◦C) tap water and a highly elastic waterproof 
sheet on top to prevent the participant from contacting the water. The 
participant lay on a cotton fabric that was placed on top of the water
proof sheet. The tub was equipped with an elevating platform for 
lowering and raising the participant in and out of the tank during the 
study. Submerged in the tank up to the level of the neck/chest, the 
participants could use their arms for daily activities. The participants 
had access to a designated medical crew (doctors, nurses, etc.) that 
provided 24-h medical supervision throughout the investigation.

When participants left their tank for showering and bathroom ac
tivities, they remained in a 6◦ head-down tilt position on a stretcher and 
passively transferred to avoid weight-bearing and reversal of fluid shifts. 
An external catheter system was used to collect urine throughout the rest 
of the day while in the tank. Partial confirmation of the cephalic fluid 

Fig. 1. Illustration of ROTEM measurements for a visual description of coag
ulation time (CT), clot formation time (CFT), maximum clot firmness (MCF), 
and alpha angle.
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shift was examined using MRI imaging of the skin and muscle volume of 
the lower legs of the participants, which showed a reduction in fluid 
volume [20]. Corresponding data from upper body vessels have yet to be 
published, although previous studies of the IJV during DI show that 
there is an increase in IJV volume [21,22].

The study began with a four-day ambulatory control period, when 
baseline data collection (BDC) took place. This was followed by five days 
of exposure to the DI environment and two days post-DI for assessment 
and recovery (R). Blood samples totalling 34 mL were collected at BDC- 
1, DI2, DI5, and R+1 for coagulation analysis for each female participant 
(Fig. 2). Thus, a total volume of 373 mL of blood was collected from each 
participant for this research during the study. Blood was collected in the 
morning before breakfast and this plasma and serum samples were 
analyzed for blood count, hemostasis, markers, blood chemistry, meta
bolic state markers, vascular markers, bone markers, hormones (vol
ume-regulating, sex, thyroid) [20]. Blood parameters from these assays, 
reported by Robin et al. [20], were used in this study to assess interac
tion with coagulation processes.

2.2. Rotational thromboelastometry analysis (ROTEM)

ROTEM analysis was performed by the primary research team using 
the TEM coagulation analyzer (ROTEM®05, Matel Medizintechnik, 
Graz, Austria) yielding four parameters: CT, CFT, MCF and alpha angle. 
CT is the time taken from adding the trigger to the initial fibrin forma
tion; CFT is defined as the time it took for the clot to reach 20 mm in 
firmness; MCF represents clot stability; and the alpha angle indicates the 
speed of fibrin build-up and cross-linking. Since the standard ROTEM 
assays do not provide the high sensitivity that is needed to detect small 
changes in hemostasis, the researchers prepared a low tissue factor so
lution described by Sørensen et al. which creates a type of assay that 
assesses the extrinsic pathway of the coagulation cascade [12,23]. This 
solution, referred to as the trigger solution, contained 0.35 pmol/L re
combinant human tissue factor thromboplastin (Innovin®) and 3 
mmol/L CaCl2 (Dade Behring Marburg GmbH, Marburg, Germany). The 
lyophilized product was dissolved in 4 mL of distilled water and then 
diluted at a ratio of 1:250 in 0.9 % sodium chloride solution (Fresenius 
Kabi, Austria, GmbH; tissue factor-stock solution). Clot formation was 
started with the addition of 40 μL of the trigger solution to 300 μL of 
citrated plasma.

2.3. Thrombin-antithrombin complex (TAT) analysis

TAT analysis was performed on the plasma with the EnzygnostR TAT 
micro test kit (Siemens Healthcare Diagnostics Products GmbH in 
Marburg, Germany). Prior to analysis, plasma samples underwent a 1:2 
dilution with 0.9 % saline solution, followed by determination of TAT 
concentrations in accordance with the manufacturer’s guidelines.

2.4. Statistical analysis

A mixed-model statistical analysis tested for differences between the 
means of the ROTEM and TAT values obtained at BDC-1, DI2, DI5, and 
R+1. The repeated measures approach accounted for the in
terdependencies between measurements for the same subject and 
included model fitting, diagnostic checks, and the analysis of differences 
in mean scores between time points for each of the coagulation tests. 
Where indicated, the Tukey HSD post-hoc test was used to determine 
differences in mean scores among the time points to identify specific 
statistically significant differences. The model fit was checked for 
normality, with additional confirmation that the residuals predicted plot 
exhibited a mean centered on 0 with constant variance and examined for 
any potential outliers. Those with skewed residual distribution plots 
were natural log-transformed to meet model assumptions. All statistical 
tests were performed using JMP® (Version 17, SAS Institute Inc., Cary, 
NC). Results are reported as means with standard error (SE). There were 
data losses due to sample damage for one participant, bringing the total 
number of data sets to 17 for CT, MCF, and alpha angle. Further com
plications at the DI facility resulted in the loss of eight participants’ CFT 
tests, leaving only 10 data sets for CFT.

2.5. Correlations between TAT and ROTEM to blood parameters

To investigate the relationship between changes in the TAT and 
ROTEM measures and blood parameters [20] in the participants, data 
were converted from absolute BDC-1 and DI5 values to the change (Δ) 
from pre-to post-DI. To account for multiple comparisons, the false 
discovery rate (FDR) was used to estimate the significance of the cor
relations [24] using the robust Huber M-estimation method [25]. Sig
nificance was set at a positive false discovery rate of p < 0.05 [26]. 
Statistical tests were performed using JMP® (Version 17. SAS Institute 
Inc., Cary, NC).

3. Results

3.1. Rotational thromboelastometry

3.1.1. Coagulation time (CT)
The fixed effects analysis investigated changes across the measure

ment days (n = 17, F = 7.9570, p = 0.0002) on CT. There was a sig
nificant increase in CT from baseline (BDC-1: 70.8 s) to DI5 (83.2 s), 
showing a 12.4 s rise in CT (Fig. 3A). Conversely, a significant decrease 
in CT was observed from DI5 (83.2 s) to R+1 (75.7 s), reflecting a 7.5 s 
reduction in CT (Fig. 3A). No statistically significant differences were 
detected between any other days (Fig. 3A). The CT standard error was 
4.4 s with 83.2 % of the variability attributed to individual differences 
among participants, highlighting substantial inter-subject variability.

Fig. 2. Illustration demonstrating the time course of the dry immersion(DI) study marked by days where blood samples were taken including BDC-1 (one day before 
DI and during the baseline data collection period), DI2 (second day of DI), DI5 (fifth day of DI), and R+1 (first day of recovery following DI).
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3.1.2. Maximum clot firmness (MCF)
There were significant effects over measurement days on MCF (n =

17, F = 9.3970, p = 0.0001). Specifically, DI5 (20.9 mm) was statisti
cally significant from baseline (BDC-1: 19.5 mm), with a 1.4 mm in
crease in MCF from baseline (Fig. 3B). MCF showed a significant 
decrease from DI2 and DI5 to R+1 (19.9 and 18.5 mm, respectively) 
(Fig. 3B). The MCF standard error was 0.7 mm, with 75.6 % of the 
variance in MCF values attributed to variability between individual 
participants.

3.1.3. Alpha angle
There was no significant change in alpha angle across measurement 

days (n = 17, F = 1.6272, p = 0.1954) (Fig. 3C). The alpha angle 
standard error was 0.8◦ with 72.6 % of the variability in alpha angle 
attributable to inter-subject differences.

3.1.4. Clot formation time (CFT)
CFT had a skewed residual distribution plot and was natural log- 

transformed to meet model assumptions. There was a significant effect 
of measurement days on the natural log-transformed CFT (n = 10, F =
6.4785, p = 0.0019) with a significant decrease in average formation 
time from baseline (BDC-1: 6.7s) to DI2 (6.1s) and DI5 (6.1s), indicating 
a faster response time in dry immersion (Fig. 3D). A significant increase 
in average CFT was observed in dry immersion compared to recovery 
(R+1: 6.8s) (Fig. 3D). The ln CFT standard error indicated that 74.6 % of 
the variability in CFT was related to inter-individual differences.

3.1.5. TAT plasma levels
There was no significant change in TAT levels over the days of 

measurement (n = 17, F = 0.9880, p = 0.4064) (Fig. 4).

3.1.6. Effect of the menstrual cycle on coagulation responses to DI
The individual progesterone and estradiol levels for these partici

pants along with their cycle phases respective to the DI protocol are 
presented by Robin et al. [20] in their supplementary documentation. 

Based on the cycle phase analysis criteria used by Robin et al. [20] 
(follicular phase: maximal blood progesterone threshold of >2 μg⋅L− 1 
during 5-day DI; luteal phase: maximal blood estrogen ≥200 ng⋅L− 1 
during 5-day DI), we identified seven participants in the follicular and 
five in the luteal phase during the five days of DI. A two-way repeated 
measures analysis of variance across phase and DI was performed. Tukey 
HSD was used for post hoc comparisons between conditions. There was 
no significant impact of the menstrual cycle on the coagulation factors 
with DI (all p > 0.05). Similarly, a mixed model with day as the repeated 
measure and progesterone or estradiol as the covariate, and using all 
participants, showed no significant effects of menstrual hormones on the 
coagulation measures during DI.

3.1.7. False discovery rate analysis (FDR)
Correlation and FDR analysis comparing TAT and ROTEM parame

ters with blood values from female participants between BDC-1 and DI5 
showed significant associations of TAT, CT, alpha angle, and MCF with 

Fig. 3. Mean ROTEM coagulation parameters A) CT, B) MCF, C) alpha angle, and D) ln CFT for measurement days BDC-1 (one day before DI and during the baseline 
data collection period), DI2 (second day of DI), DI5 (fifth day of DI), and R+1 (first day of recovery following DI).for 17 female participants exposed to dry immersion 
for CT, MCF, and alpha angle, and 10 females for lnCFT. Graphs in grey had no significant changes. Graphs in blue show significant changes in the anti-coagulation 
direction, while red shows significant changes in the pro-coagulation direction. The symbol * indicates a significant difference from BDC-1 and # indicates a sig
nificant difference from R+1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Mean TAT responses for measurement days BDC-1, DI2, DI5, and R+1 
for 17 female participants exposed to dry immersion. The graph in grey depicts 
no significant changes.
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mean corpuscular volume (MCV), mean corpuscular hemoglobin 
(MCH), mean corpuscular hemoglobin concentration (MCHC), baso
phils, partial thromboplastin time (PTT), and prothrombin time (PT) 
ratio (Fig. 5). TAT, CT, and alpha angle also displayed a significant as
sociation with red blood cells (RBC), hemoglobin, hematocrit, eosino
phils, prothrombin, and international normalized ratio (INR) (Fig. 5). CT 
also had a significant relationship with white blood cells (WBC), neu
trophils, monocytes, platelets, and fibrinogen (Fig. 5). TAT was also 
found to have a significant correlation with lymphocytes and fibrinogen 
(Fig. 5). Lastly, alpha angle was shown to have a significant relationship 
with both lymphocytes and platelets (Fig. 5). Correlation coefficients 
and robust FDR p-values for these relationships can be found in the 
Supplementary Materials.

4. Discussion

For the first time, we show females exposed to dry immersion display 
significant changes in hemostatic responses, adding to past in
vestigations of only male participants. When looking at the results of the 
ROTEM tests, there were several significant results found within the 
coagulation tests. First, there was a significant increase from baseline 
(BDC-1) to DI5 for the clot formation time, indicating that the partici
pants, on average, were taking longer to clot when compared to their 
pre-exposure response. There was a significant decrease in coagulation 
time from DI5 to R+1, as it returned toward baseline upon re- 
ambulation following removal from the DI environment. This is like 

past HDTBR studies in males, which also showed a prolonged CT in 
response to HDTBR, followed by CT returning to normal upon re- 
ambulation [16]. Additionally, the lengthened CT may indicate an 
impaired ability to clot, similar to previous findings from Rosenfeld et al. 
regarding their observation of increased hypocoagulation activity in 
males in non-tilt bed rest [17].

Coagulation time is influenced by activities of clotting factors found 
within the coagulation cascade, such as Factor V. Two studies, where 
one investigated a decrease in Factor V activity and the other in Factor V 
deficiency, showed that reduced Factor V can result in prolonged CT in 
plasma [27,28]. Furthermore, CT was found to be prolonged in mice 
with Factor VIII and IX knockouts as well [29]. Shorter CT times, on the 
other hand, are seen in conditions of accelerated fibrin polymerization 
with the presence of medically provided fibrinogen and thrombin in 
trauma patients [30]. However, results reported from VIVALDI I by 
Robin et al. reported that fibrinogen levels were increased in these same 
participants [20], yet a prolonged CT was observed in the presented 
analysis here. Alpha angle, which measures the fibrin polymerization 
rate, was unchanged in this DI experiment, further contraindicating that 
CT would have been increased.

This likely means that there are more components leading to the 
prolongation of CT other than fibrinogen—perhaps activity of the pre
viously mentioned coagulation factors. Looking at the expression levels 
of these proteins or their genes would allow us to assess potential in
fluences of these factors. Also of note, heparin can increase bleeding 
time, resulting in prolonged clotting by acting together with anti
thrombin to prevent fibrin clot formation [31]. ROTEM CT tests are a 
tool used in the management of heparin therapy, which warrants 
additional research to see if heparin played a role here [32].

On the opposite end of hemostatic balance, dry immersion shortened 
clot formation time and increased clot stability in healthy females. The 
analysis of MCF and CFT revealed significant findings that potentially 
highlight an increase in procoagulant activity. This is slightly similar to 
the findings from an HDBR study performed with males, which showed 
trends of shortened CFT and increased MCF in these participants, which 
ultimately reached significance upon re-ambulation [15]. However, the 
results from this female DI study did not show any difference in CFT or 
MCF upon re-ambulation compared to the baseline measurements, 
which contrasts the male HDBR [15].

Increasing clot stability can be associated with a healthy hemostatic 
system, but evidence suggests that a notably shortened CFT and 
increased MCF are indicators of hypercoagulability across populations 
[33,34]. One study found that lung cancer patients with MCF near or 
above the upper limit of normal ranges developed a deep vein throm
bosis (DVT) within a 12-month follow-up period [35]. With malignancy 
being a risk factor for thrombosis, another ROTEM study examined the 
coagulation states of specific cancer patients and found shortened CFT 
and high MCF values on all assay types when compared to their healthy 
counterparts [33]. Further, a study assessing 313 patients who under
went major surgery and developed postoperative thrombotic compli
cations had significantly lowered CFT and elevated MCF ROTEM values 
[33]. The association of increased MCF and shortened CFT with clotting 
risk is concerning when considering these results with female dry im
mersion participants.

Maximum clot firmness is affected by fibrin, fibrinogen and/or 
thrombin concentration, platelets, factor XIII, as well as hematocrit [33,
36]. A study of cancer patients with hypercoagulable states also showed 
that fibrinogen and platelets had a significant association with MCF and 
CFT [37]. A previous publication from the VIVALDI I study showed 
significant increases in fibrinogen, platelets, and hematocrit from these 
same participants on days DI3 and DI5, though these parameters 
remained within normal reference ranges [20]. This suggests that these 
specific increased blood parameters reported by Robin et al. [20] may be 
linked to the observed increase in MCF and shortened CFT observed in 
this investigation. Based on the correlational and FDR analysis of the 
ROTEM results to blood parameters in this DI study, changes in MCF 

Fig. 5. Colour map of correlations for difference of means from BDC-1 and DI5 
between TAT and ROTEM tests for this dry immersion investigation against 
blood parameter measures from the VIVALDI I campaign. Dots placed on top of 
correlation boxes represent significant relationships identified through robust 
FDR analysis, where the black dots represent significant relationships with p <
0.01 and white dots represent significant relationships 0.01<p < 0.05. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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were associated with blood parameters related to hemoconcentration, 
such as MCH, although clinical relevance is difficult to confer since the 
blood parameters associated with these tests remained within clinically 
normal ranges [20].

To expand further on how blood parameters may lead to the ROTEM 
values observed here, hematocrit is another important factor to 
consider. Increased RBC within the increased hematocrit can also 
contribute to greater clot firmness because of the availability of RBC to 
contribute to the clot [38,39]. It is difficult to assume that the shortened 
CFT and increased MCF were related to changes in hemoconcentration 
as the samples came from platelet-poor plasma. It is possible that the 
changes in CFT and MCF are because of the heightened sensitivity of the 
trigger solution to detect very small shifts in hemostasis, including 
changes that occur before the cross-linking speed of fibrin increases—
thus no corresponding change in alpha angle.

Changes in hematocrit can affect ROTEM measurements [40], which 
it did during DI [20]. Changes in hematocrit, such as hemodilution 
where hematocrit decreases, can cause lower coagulation factor con
centrations and result in falsely prolonged coagulation time measur
ements—however, a hematocrit above 60 % can also prolong CT 
measurements [41]. However, this investigation showed prolonged CT 
with increased hematocrit levels never rising above 60 %, making this 
likely not the case [20].

It is also worth noting that TAT showed no significant changes in 
females in response to DI in this study. This differs from past HDTBR 
studies with males, who showed decreased TAT in response to simulated 
microgravity [16]. Similarly, alpha angle showed no changes in females 
during DI. However, this contrasts with findings in males, who showed 
increasing trends in alpha angle—reaching significance during 
re-ambulation in one HDTBR study—and significant decreases in 
another HDTBR study [15,16]. Further studies of ROTEM responses in 
males and females are likely needed to tease out these coagulation dif
ferences, including the discrepancy between the evidence in males [14].

The contrasting results of this study from previous investigations 
with male participants suggest that there may be sex differences within 
hemostatic control and, therefore, VTE risk astronauts may face when 
compared to their opposite-sex counterparts. Although the occlusive 
thrombus and suspected partially occlusive thrombus observed in the 
incidental finding on the ISS occurred in both a female and male 
crewmember, would suggest that all may be at risk [1]. However, only 
the fully occlusive thrombus was observed in real time in a female 
astronaut, with the partial thrombus only being observed retrospectively 
and is, as such, suspected rather than confirmed [1,42].

Future research that includes study designs that allow for compari
son of the female and male hemostatic responses should provide evi
dence on specific preventive measures or treatments required based on 
the physiology of the astronaut heading to space. This differentiation 
would also be important for those earthbound patients subjected to bed 
rest for medical reasons and can help reduce the sex-related gap in fe
male response data. Similarly, collection of more data on hemostatic 
responses to microgravity would improve safety around space venous- 
thrombosis risk.

The present study took place under simulated microgravity condi
tions for only five days. A short experimental time in simulated space 
which resulted in statistically, though not clinically, significant changes 
in hemostasis. This could be of concern and warrants further investi
gation since the average spaceflight mission to the ISS spans approxi
mately six months, with rare cases of stays over one year. If five days in 
simulated space is enough to cause statistically significant shifts in he
mostasis, one must wonder what coagulation activity is taking place 50, 
or even 90, days into a mission.

Future directions need to include a comprehensive assessment of the 
risk of VTE in space travellers if humanity hopes to extend long duration 
missions to reach a target like Mars. The potentially fatal complications 
of VTE development warrant better knowledge regarding when astro
nauts are at the highest risk of developing clots and what preventative 

measures must be taken to lower the risk of loss of human life on 
spaceflight missions. Therefore, collecting data throughout missions 
aboard the ISS can aid in understanding if, and when, coagulation pa
rameters reach peaks to determine when the crew is at their highest risk 
of VTE.

5. Conclusions

The findings of this investigation provide evidence that female he
mostatic equilibrium is sub-clinically disrupted by exposure to the dry 
immersion environment for five days and add to the evidence that hy
percoagulability may be a key player in the development of VTE 
observed in space. Future investigations of longer duration could expose 
clinical shifts in coagulation, and further research into sex differences 
could shed more light on whether this is a sex-linked risk only, or 
whether spaceflight provides the unique conditions necessary for any 
spacefarers to develop this disease. Closer to home, this line of investi
gation may also provide further insight into whether there are sex- 
related risks to immobility for reasonably healthy females experi
encing longer-term bedrest, from illness or injury, as current data only 
comes from males.
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