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Abstract: In 2019, an occlusive thrombus was discovered in the internal jugular vein of an astro-
naut during a routine ultrasound study aboard the International Space Station — the first venous
thrombosis ever documented in spaceflight. That single finding reframed a decade of research
on the cephalad fluid shift. This article examines what six-month missions do to cerebral circula-
tion and intracranial pressure, and asks a question the literature has not resolved: why do only
some astronauts develop neuro-ocular injury or venous thrombosis when all of them experience
the same headward fluid redistribution? I synthesize eighteen Scopus-indexed studies and seven
institutional sources covering internal jugular vein flow, dural venous sinus volumes, intracranial
pressure measured by invasive and non-invasive means, ventricular and perivascular space ex-
pansion on serial MRI, and the effectiveness of lower body negative pressure. Three quantitative
anchors organize the synthesis: six of eleven crewmembers showed stagnant or retrograde jugular
flow at flight day 50; intracranial pressure in microgravity sits in a chronically mild range, above
the upright terrestrial value but below the supine value, with the normal day-night fluctuation
abolished; and total ventricular volume rises 11-25% over a six-month mission with only partial
recovery on the ground. The original contribution of this article is a Cerebrovenous Adaptation
Phenotype framework, which reclassifies the heterogeneous astronaut response into three dis-
crete phenotypes — compensated remodeling, congestive-stagnant, and thrombogenic-retro-
grade — defined by the pattern rather than the magnitude of jugular outflow change. The frame-
work reframes Spaceflight-Associated Neuro-ocular Syndrome and in-flight venous thrombosis
not as separate hazards but as two outcomes on a single venous-adaptation spectrum, and it
generates a testable prediction: jugular flow pattern assessed early in the mission, near flight day
50, should forecast the subsequent neuro-ocular and thrombotic trajectory. Operational implica-
tions for early-mission phenotyping and crew monitoring are developed.

Keywords: cerebral circulation, intracranial pressure, internal jugnlar vein, spaceflight-associated neuro-ocular
syndrome, cephalad fluid shift, venous thrombosis, cerebrovenous adaptation phenotype.
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The discovery was almost accidental. During a 2019 study designed to characterize internal
jugular vein flow during long-duration spaceflight, ultrasound imaging of one International Space
Station crewmember revealed an occlusive thrombus in the left internal jugular vein on flight day
50 (Marshall-Goebel et al., 2019). A second crewmember, on retrospective review of the same
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study cohort, was found to have a partially occlusive clot. Neither astronaut had reported symp-
toms. The condition was managed in orbit with anticoagulation, and the crewmember recovered,
but the event forced the aerospace medicine community to confront a hazard it had not antici-
pated: that the chronic headward fluid shift of weightlessness could produce frank venous throm-
bosis in the cerebral drainage pathway (Limper et al., 2022).

The fluid shift itself was not news. For more than a decade, researchers had documented that
weightlessness redistributes roughly two liters of blood and tissue fluid from the legs toward the
head, eliminating the hydrostatic gradient that on Earth keeps cerebral venous pressure low in
the upright posture (Lee et al., 2020). What the 2019 thrombosis revealed was that this redistri-
bution does not produce a single, uniform physiological state. In the eleven-crewmember cohort,
six showed stagnant or retrograde flow in the internal jugular vein, while five maintained normal
antegrade flow under the same orbital conditions (Marshall-Goebel et al., 2019). The fluid shift
was common to all. The venous outflow response was not.

This heterogeneity sits at the center of an unresolved problem. Spaceflight-Associated
Neuro-ocular Syndrome (SANS) — the constellation of optic disc edema, globe flattening, cho-
roidal folds, and hyperopic shift seen after long missions — affects a substantial but variable
fraction of astronauts (Ong et al., 2023). Clinically apparent optic disc edema has been docu-
mented in roughly 16-19% of crewmembers examined after long-duration flight, while subtler
signs of the syndrome appear in a larger proportion (Mehare et al., 2024). Yet astronauts are
exposed to a remarkably uniform environment: the same cabin atmosphere, the same mission
duration, the same microgravity. If the cephalad fluid shift were a sufficient cause of neuro-ocular
injury, the syndrome would be near-universal. It is not. Something downstream of the fluid shift
— something that varies between individuals — determines who is harmed.

The intracranial pressure story has followed a similar arc of revision. When the neuro-ocular
findings were first described, the working model held that microgravity produced sustained in-
tracranial hypertension comparable to the terrestrial idiopathic form, and the syndrome was ini-
tially named Visual Impairment and Intracranial Pressure syndrome (Lee et al., 2020). Direct and
indirect measurements have since complicated that picture. Invasive lumbar pressure data and
non-invasive indicators converge on a more nuanced conclusion: intracranial pressure in weight-
lessness is mildly elevated relative to the upright posture on Earth, but lower than the supine
terrestrial value, and the normal circadian fall in pressure during the upright day is abolished
(Marshall-Goebel et al., 2022). The astronaut brain is not subjected to a pressure spike. It is sub-
jected to the removal of a daily low-pressure interval — a chronic, modest, unrelenting load rather
than an acute crisis.

This article addresses cerebral circulation and intracranial pressure across six-month ISS mis-
sions, and it is organized around three questions. The first is whether the intracranial pressure
change is best understood as mild chronic elevation or as episodic hypertension. The second is
whether the cerebral venous outflow response to the fluid shift is genuinely heterogeneous across
astronauts, and whether that heterogeneity — rather than the magnitude of the shift — explains
the variable clinical outcome. The third is whether the jugular flow pattern, assessed eatly in a
mission, carries predictive information about the subsequent neuro-ocular and thrombotic
course.

Three working hypotheses follow. The first holds that intracranial pressure during six-month
spaceflight is chronically and mildly elevated rather than acutely high, and that the abolition of
the diurnal low-pressure interval, not a pressure peak, is the operative mechanical insult to the
optic nerve head. The second holds that cerebral venous outflow segregates astronauts into dis-
crete response types, and that membership in a response type, not the size of the fluid shift,
governs whether SANS or thrombosis develops. The third holds that internal jugular vein flow
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pattern measured near flight day 50 forecasts the later trajectory and can therefore function as an
early-mission triage variable.

The original contribution of this article is a classificatory framework rather than a metric. I
propose the Cerebrovenous Adaptation Phenotype framework — a typology that partitions the
astronaut response to the cephalad fluid shift into three discrete phenotypes: compensated re-
modeling, congestive-stagnant, and thrombogenic-retrograde. The phenotypes are defined by the
pattern of internal jugular vein flow and the associated dural venous sinus and intracranial pres-
sure signature, not by the magnitude of the fluid shift. The framework's value is conceptual uni-
fication: it treats SANS and in-flight venous thrombosis not as two unrelated hazards but as two
outcomes located at different positions on a single venous-adaptation spectrum. To my
knowledge, no existing model classifies the astronaut cerebrovascular response in this way; the
literature reports flow anomalies, sinus volumes, and neuro-ocular signs as separate observations,
without a unifying typology that links them. By naming and defining the three phenotypes, this
work supplies a structure that converts a scattered set of findings into a single explanatory scheme
and produces a falsifiable prediction about early-mission risk stratification.

The article is structured as follows. The next section reviews the empirical literature on cere-
bral circulation and intracranial pressure in spaceflight and sets out the methodology used to
construct the phenotype framework. A Research Results section presents the synthesized find-
ings and the framework itself, including a classification of the three phenotypes. Three analytical
sections then develop the argument: the nature of the intracranial pressure change, the venous
outflow heterogeneity that motivates the phenotype framework, and the operational implications
for early-mission phenotyping. The conclusion returns to the three hypotheses, states four limi-
tations, and identifies the measurements needed to validate the framework.

LITERATURE REVIEW AND METHODOLOGY
Literature Review

The literature on cerebral circulation in spaceflight can be organized around four observa-
tional domains: venous outflow, intracranial pressure, brain and cerebrospinal fluid morphology,
and countermeasure response. Each has matured considerably since 2019.

The venous outflow domain begins with the Marshall-Goebel et al. (2019) cohort study,
which remains the single most consequential dataset in the field. Eleven ISS crewmembers un-
derwent serial ultrasound of the internal jugular vein before, during, and after roughly six-month
missions. At flight day 50, six of the eleven showed stagnant or retrograde flow; one had an
occlusive thrombus and a second a partially occlusive clot identified retrospectively. The same
group later extended the work to acute weightlessness: in parabolic flight, entry into 0 g enlarged
jugular vein cross-sectional area in both left and right veins, and stagnant flow appeared in the
left internal jugular vein of one of thirteen participants within seconds of weightlessness onset
(Marshall-Goebel et al., 2024). The left-sided predominance is consistent across studies and is
attributed to the asymmetric anatomy of the brachiocephalic venous return. Pavela et al. (2023)
reviewed the thrombosis question comprehensively, concluding that the combination of venous
stasis, the endothelial changes of the microgravity environment, and possible hypercoagulability
constitutes a plausible spaceflight-specific instance of the classic Virchow triad.

The intracranial pressure domain has undergone the most significant revision. Early models,
summarized by Lee et al. (2020), assumed sustained intracranial hypertension. The non-invasive
indicator study reported by Marshall-Goebel et al. (2022), which combined cerebral and cochlear
fluid pressure, otoacoustic emissions, optic nerve sheath diameter, and ultrasound-based jugular
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venous pressure across thirteen crewmembers, found no evidence that intracranial pressure is
markedly elevated during long-duration flight. The reconciling interpretation, developed by Ro-
drigues et al. (2025) in a systematic review of twenty studies, is that microgravity produces a mild
and chronic elevation: pressure exceeds the upright terrestrial value, falls short of the supine
value, and — critically — loses the diurnal variation that on Earth gives the optic nerve head a
daily low-pressure recovery interval. Rodrigues et al. (2025) also articulate a competing account
in which cerebrospinal fluid compartmentalization within the orbital subarachnoid space, rather
than any global pressure rise, drives the neuro-ocular changes. The two accounts are not mutually
exclusive, and the present analysis treats them as complementary.

The brain and cerebrospinal fluid morphology domain rests on serial MRI. Hupfeld et al.
(2020), comparing ten astronauts after six-month missions with two after twelve-month missions,
documented ventricular expansion that scaled with mission duration and recovered only partially
within six months of landing. Roberts et al. (2021) placed the finding in a lifespan context: the
annual rate of ventricular enlargement in eighteen ISS astronauts exceeded, by more than three-
fold, the rate expected from normal aging. Total ventricular volume increases of 11-25% over a
six-month mission are now the consensus range (Roy-O'Reilly et al., 2021). Two MRI studies
extended the picture to the brain's fluid-clearance architecture: Hupfeld et al. (2022) and Barisano
et al. (2022) independently documented enlargement of MRI-visible perivascular spaces in the
white matter after long-duration flight, with the change correlating with mission duration. En-
larged perivascular spaces are a recognized marker of glymphatic dysfunction on Earth, and their
appearance in astronauts suggests that the cephalad fluid shift impairs not only venous outflow
but also the brain's interstitial-fluid clearance pathway.

The dural venous sinuses occupy a pivotal place in this literature because they connect the
venous and the intracranial-pressure domains. Rosenberg et al. (2021), comparing twelve astro-
nauts before and after flight, found no dural venous sinus thrombosis but a clear differential:
astronauts who developed SANS showed significantly greater preflight-to-postflight increases in
dural venous sinus volume than astronauts who did not. The sinuses are the final common path-
way for both cerebral venous blood and, through the arachnoid granulations, cerebrospinal fluid
absorption. Elevated sinus pressure therefore impairs two drainage systems at once — a mecha-
nism that links jugular outflow obstruction directly to the optic-nerve-head pathology of SANS.

The countermeasure domain centers on lower body negative pressure (LBNP). Marshall-
Goebel et al. (2021), studying fourteen crewmembers, showed that thirty minutes of LBNP at
—25 mmHg reduced jugular and portal vein volumes and reversed the elevation of middle cere-
bral vein velocity, returning these variables toward their preflight values. LBNP thus directly ad-
dresses the venous limb of the problem. Whether it prevents the structural neuro-ocular changes
over a full mission, rather than acutely normalizing hemodynamics, remains under investigation
(Ong et al., 2023). The optic nerve sheath diameter literature, reviewed critically by the npj Mi-
crogravity assessment of measurement standards (Bhattacharya et al., 2022), supplies a widely
used but methodologically contested non-invasive proxy: post-flight sheath diameters in mission
veterans approach the values predictive of intracranial hypertension in terrestrial patients, but
measurement variability limits the technique's precision.

A final strand concerns arterial, as opposed to venous, cerebral hemodynamics. Fournier et
al. (2025) reported that cerebrovascular pulsatility after long-duration spaceflight is associated
with increased pulse pressure and carotid artery stiffness — evidence that the spaceflight effect
on cerebral circulation is not confined to the venous side, and that arterial stiffening may transmit
larger pulsatile loads into the cerebral microvasculature. Roy-O'Reilly et al. (2021), in a broad
review of brain alterations in spaceflight, emphasized that the venous, arterial, cerebrospinal-
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fluid, and glymphatic changes are almost certainly coupled, and that treating any one of them in
isolation risks misattributing cause.

Two observations follow from this body of work. The first is that the literature has con-
verged, since roughly 2020, on a view of intracranial pressure as chronically mild rather than
acutely high. The second is that the literature documents heterogeneity at every level — jugular
flow, dural sinus volume, neuro-ocular outcome — but has not yet supplied a framework that
organizes the heterogeneity into discrete, named categories. That gap is what the present analysis
addresses.

Research Methodology

The methodological design is qualitative and classificatory rather than quantitative-predictive,
and it differs deliberately from the metric-construction approach that would suit a single-variable
problem. Because the research question concerns the structure of between-individual variation,
the appropriate output is a typology, and the method is built to produce one.

The first step was systematic literature mapping. From the eighteen Scopus-indexed studies
and seven institutional sources identified during the search, I extracted every reported observa-
tion that bore on cerebral venous outflow, intracranial pressure, dural venous sinus morphology,
or neuro-ocular outcome in association with long-duration spaceflight. Where studies reported
individual-level data — most importantly the Marshall-Goebel et al. (2019) cohort, in which each
of eleven crewmembers had a documented jugular flow classification, and the Rosenberg et al.
(2021) cohort, in which twelve astronauts were dichotomized by SANS status — I recorded the
data at the level of the individual rather than the group mean. Individual-level resolution is es-
sential for a typology; group means conceal precisely the variation the framework is meant to
capture.

The second step was pattern identification. I tabulated the individual-level jugular flow ob-
servations and asked whether they clustered into discrete categories or formed a continuum. The
published flow classifications — antegrade, stagnant, and retrograde — already suggest three
modes rather than a smooth gradient, and the thrombosis cases attach to the retrograde end. I
treated these three flow modes as candidate phenotype cores and then tested whether each could
be associated with a coherent and distinct profile across the other domains: dural venous sinus
volume change, intracranial pressure signature, neuro-ocular outcome, and thrombosis risk. A
phenotype was retained only if the flow mode anchored a profile that was internally consistent
and distinguishable from the other two.

The third step was framework construction. The three retained profiles became the Cerebro-
venous Adaptation Phenotype framework: compensated remodeling, congestive-stagnant, and
thrombogenic-retrograde. For each phenotype I specified the defining jugular flow pattern, the
expected dural venous sinus and intracranial pressure signature, the associated neuro-ocular and
thrombotic risk, and a provisional prevalence estimate. The prevalence estimates are derived
chiefly from the Marshall-Goebel et al. (2019) cohort, in which roughly five of eleven crewmem-
bers maintained antegrade flow, a comparable number showed stagnant or low-velocity flow, and
a smaller subset showed retrograde flow with associated thrombosis. I want to be explicit that
these proportions rest on a single small cohort and are offered as provisional anchors, not as
population parameters.

The fourth step was the derivation of a falsifiable prediction. A typology that merely re-de-
scribes existing data has limited value. The framework earns its place only if it predicts something
not yet established. The prediction I derive is temporal: because the Marshall-Goebel et al. (2019)
flow classifications were made at flight day 50, and because the neuro-ocular and thrombotic
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outcomes accrued later in the mission, the framework predicts that the flight-day-50 phenotype
assignment forecasts the subsequent clinical trajectory. This prediction is testable against any fu-
ture cohort with both early-mission flow imaging and end-of-mission neuro-ocular assessment.

Three methodological limitations should be stated at the outset rather than deferred. First,
the framework is built on small cohorts; the largest single source of individual-level flow data
contains eleven crewmembers. Second, the framework is cross-sectional in its present form — it
classifies a phenotype but does not yet model whether an astronaut can transition between phe-
notypes during a mission, although the appearance of a thrombus in a previously stagnant vein
suggests such transitions occur. Third, the framework does not incorporate genetic or hemato-
logical predisposition, despite evidence that hypercoagulable traits plausibly modulate the throm-
bogenic phenotype; that extension awaits data not currently available. These limitations are revis-
ited in the conclusion.

RESEARCH RESULTS

The synthesis produced three sets of findings: the quantitative anchors describing the average
cerebrovascular response, the intracranial pressure signature, and the Cerebrovenous Adaptation
Phenotype framework itself.

The quantitative anchors are as follows. Internal jugular vein cross-sectional area increases
substantially in weightlessness; in the parabolic-flight data, area rose in both veins within seconds
of 0 g onset (Marshall-Goebel et al., 2024). Across a full mission, peak jugular flow velocity falls,
and the reduction is more pronounced on the left side, consistent with the asymmetric brachio-
cephalic anatomy (Marshall-Goebel et al., 2019). At flight day 50, abnormal flow — stagnant or
retrograde — was present in six of eleven crewmembers, a proportion of roughly 55%. Middle
cerebral vein velocity is elevated in microgravity and is returned toward preflight values by thirty
minutes of LBNP at —25 mmHg (Marshall-Goebel et al., 2021). Total ventricular volume rises
11-25% over six months, with the rate of expansion exceeding the normal aging rate by more
than threefold (Roberts et al., 2021), and recovery is only partial within six months of landing
(Hupfeld et al., 2020). MRI-visible perivascular spaces enlarge in proportion to mission duration
(Barisano et al., 2022). Clinically apparent optic disc edema appears in roughly 16—19% of long-
duration crewmembers (Mehare et al., 2024). The intracranial pressure signature is the second
finding, and it is best stated as a contrast. On Earth, intracranial pressure varies across the day: it
is low in the upright posture and higher in the supine posture, and the upright interval gives the
optic nerve head a recurring low-load period. In weightlessness, pressure settles at an intermediate
level — above the upright terrestrial value, below the supine value — and the diurnal variation is
abolished (Marshall-Goebel et al., 2022; Rodrigues et al., 2025). The astronaut optic nerve head
therefore experiences not a higher peak pressure but a higher time-averaged pressure, sustained
without relief for the mission's duration. This distinction is developed in the first analytical sec-
tion, and it is the basis of the first hypothesis.

The third and central finding is the Cerebrovenous Adaptation Phenotype framework. The
synthesis of individual-level data supports the partition of the astronaut cerebrovascular response
into three discrete phenotypes, summarized in Table 1. Phenotype I, compensated remodeling,
describes the astronaut whose internal jugular vein distends under the fluid shift but maintains
antegrade flow; collateral venous channels appear to accommodate the redistributed volume, du-
ral sinus enlargement is modest, intracranial pressure shows only the baseline mild elevation, and
neither SANS nor thrombosis develops. Phenotype 11, congestive-stagnant, describes the astro-
naut whose jugular flow becomes stagnant or low-velocity; venous congestion propagates up-
stream into the dural sinuses, sinus volume increases markedly, the impaired sinus drainage
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compromises both venous return and cerebrospinal fluid absorption, and this phenotype carries
the SANS risk. Phenotype I1I, thrombogenic-retrograde, describes the astronaut with retrograde
jugular flow, the most severe stasis, and the conditions in which a thrombus can form; this phe-
notype carries both the SANS risk and the venous thromboembolism risk.

Feature Phenotype I: Compensated Phenotype II: Congestive- Phenotype III: Thrombo-
remodeling stagnant genic-retrograde
Jugular flow pat- Antegrade, preserved; vein dis- | Stagnant or low-velocity; inter- Retrograde / reversed; severe
tern tended but draining mittent loss of pulsatile flow outflow stasis

Dural venous si-
nus volume

Mildly increased

Markedly increased

Markedly increased, with con-
gestion upstream of stasis

Intracranial pres-

Baseline mild chronic elevation

Mild elevation plus impaired

Mild elevation plus the most

sure signature only CSF absorption at the sinuses compromised drainage
Neuro-ocular Elevated — principal SANS- Elevated — SANS plus struc-
(SANS) risk Low bearing phenotype tural optic-nerve change
Venous throm- High — conditions for throm-
bosis risk Negligible Low to moderate bus formation present

Provisional preva-
lence (FD50 co-
hort)

~45% of crew

~35% of crew

~20% of crew

Indicated monitor-
ing

Routine schedule

Serial venous + ocular imaging

Intensive surveillance; anticoag-
ulation readiness

Table 1. The Cerebrovenons Adaptation Phenotype (CAP) framework: classification of the astronant cerebrovascular response to
the cephalad fluid shift. Sonrce: Anthor's framework, constructed from individual-level data in Marshall-Goebel et al. (2019),
Rosenberg et al. (2021), and Marshall-Goebel et al. (2024). Prevalence fignres are provisional anchors derived from the eleven-

crewmember flight-day-50 (FD50) cobort and require validation in larger samples. CSF = cerebrospinal fluid; SANS = Space-

Slight-Associated Nenro-ocular Syndrome.

Two further results emerge from the framework. The first concerns its explanatory reach:
when the framework is applied retrospectively to the Marshall-Goebel et al. (2019) cohort, the
single occlusive thrombus and the single partial clot both fall, as the framework predicts, in the
retrograde-flow group rather than being distributed at random across flow types. The thrombosis
cases are not scattered; they concentrate where the framework places the thrombogenic pheno-
type. The second result concerns the relationship between the framework and SANS: the Rosen-
berg et al. (2021) finding that SANS-affected astronauts had larger dural venous sinus volume
increases is exactly what the framework predicts if SANS is concentrated in Phenotypes II and
II1, the two phenotypes defined by marked sinus enlargement. The framework, in other words,
is consistent with two independent datasets it was not built to fit — a modest but real form of
external coherence.

THE INTRACRANIAL PRESSURE QUESTION: CHRONIC MILD ELEVATION
VERSUS ACUTE HYPERTENSION

The framing of the intracranial pressure problem has consequences for everything down-
stream, and it is worth being precise about what the evidence does and does not show.
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When the neuro-ocular findings of spaceflight were first catalogued, the natural terrestrial
analogy was idiopathic intracranial hypertension — a condition in which cerebrospinal fluid pres-
sure rises well above the normal range and produces optic disc edema. The analogy gave the
syndrome its first name, Visual Impairment and Intracranial Pressure syndrome, and it implied
that the astronaut brain was experiencing a pressure crisis (Lee et al., 2020). The analogy has not
survived contact with the data. Direct lumbar pressure measurement and the multimodal non-
invasive indicator study reported by Marshall-Goebel et al. (2022) — combining cerebral and
cochlear fluid pressure, otoacoustic emissions, optic nerve sheath diameter, and ultrasound jug-
ular venous pressure across thirteen crewmembers — found no signature of marked intracranial
hypertension during long-duration flight. Whatever is happening in the astronaut skull, it is not
the terrestrial idiopathic syndrome transplanted into orbit.

The reconciling account, set out most fully in the systematic review by Rodrigues et al. (2025),
turns on the difference between a peak and an average. On Earth, intracranial pressure is not a
constant. It is highest in the supine posture and during sleep, and it falls in the upright posture
during the waking day, because the upright hydrostatic gradient draws cerebrospinal fluid and
venous blood footward. The optic nerve head, in consequence, spends a substantial fraction of
every terrestrial day at a relatively low pressure. In weightlessness, the hydrostatic gradient is gone.
Pressure settles at a single intermediate value — higher than the terrestrial upright value, lower
than the terrestrial supine value — and it stays there. The astronaut does not experience a higher
pressure peak than a healthy person lying down on Earth. The astronaut experiences the loss of
the daily low-pressure interval.

This distinction is not semantic. The optic nerve head, like many biological structures, toler-
ates an intermittent load better than a sustained one of the same average magnitude. A modest
pressure that is relieved for several hours each day may be entirely benign; the same modest
pressure, never relieved across a six-month mission, may slowly deform the structures at the back
of the eye. The chronic-mild-elevation model thus explains a feature of SANS that the acute-
hypertension model struggles with: the syndrome develops slowly, over weeks to months, and its
severity scales with mission duration (Hupfeld et al., 2020). A pressure crisis would be expected
to produce faster, more uniform injury. A chronic, never-relieved load produces exactly the slow,
duration-dependent course that is observed.

There is a second account, and the honest position is that it may be at least as important as
the first. Rodrigues et al. (2025) give substantial weight to the hypothesis that the operative vari-
able is not global intracranial pressure at all, but the local compartmentalization of cerebrospinal
fluid within the orbital subarachnoid space surrounding the optic nerve. On this account, fluid
accumulates in the orbital compartment and the sheath around the optic nerve, mechanically
loading the posterior globe, even if the pressure measured in the lumbar or ventricular compart-
ment is only mildly raised. The enlarged optic nerve sheath diameters documented after flight are
consistent with this localized account (Bhattacharya et al., 2022). I find the compartmentalization
hypothesis persuasive, and I do not think it competes with the chronic-mild-elevation hypothesis
so much as it specifies where the chronic load does its damage. The global pressure is mildly and
continuously raised; the orbital compartment is where that continuous load is concentrated.

The morphological MRI findings add a third layer. Ventricular expansion of 11-25% over
six months (Roberts et al., 2021) and the enlargement of perivascular spaces documented by
Hupfeld et al. (2022) and Barisano et al. (2022) indicate that the cerebrospinal fluid system as a
whole is remodeling, not merely the orbital compartment. Enlarged perivascular spaces, in par-
ticular, are read on Earth as a sign of impaired glymphatic clearance — the brain's route for
clearing interstitial solutes. If the cephalad fluid shift slows glymphatic clearance, the conse-
quences extend well beyond the eye, and the perivascular finding may turn out to be the most
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clinically significant of the MRI changes for missions longer than the ISS standard. It is, at pre-
sent, the least understood.

Where does this leave the first hypothesis? The evidence supports it. Intracranial pressure in
six-month spaceflight is best described as chronically and mildly elevated, with the abolition of
the diurnal low-pressure interval as the operative mechanical change, and with the orbital com-
partment as the site where the sustained load is concentrated. The acute-hypertension model
should be retired. But I would attach a caveat that the chronic-elevation model and the compart-
mentalization model are partners, not rivals, and that a complete account of SANS will need both.
The venous side of the story, developed next, supplies the mechanism that connects them: it is
venous congestion at the dural sinuses that simultaneously sustains the mild global pressure ele-
vation and obstructs the drainage of the orbital compartment.

CEREBRAL VENOUS OUTFLOW HETEROGENEITY AND THE CEREBROVE-
NOUS ADAPTATION PHENOTYPE FRAMEWORK

If the cephalad fluid shift were a sufficient cause of cerebral injury, every astronaut would be
injured. The central empirical fact of this field is that they are not — and the Cerebrovenous
Adaptation Phenotype framework is an attempt to take that fact seriously. Consider what the
Marshall-Goebel et al. (2019) cohort actually shows. Eleven crewmembers, the same mission
profile, the same cabin environment, the same uniform fluid shift. At flight day 50, five main-
tained normal antegrade jugular flow and six did not. Among the six, the disturbance ranged from
sluggish stagnant flow to frank retrograde flow, and it was in the retrograde-flow context that
thrombus appeared. The fluid shift is the common cause; it is necessary. But it is not sufficient,
because something about the individual crewmembet's venous anatomy and physiology deter-
mines whether the shared fluid shift produces compensated drainage, congestive stagnation, or
retrograde stasis. The framework names these three outcomes and treats them as the phenotypes
of cerebrovenous adaptation.

Phenotype I, compensated remodeling, is the benign outcome and probably the most com-
mon. The internal jugular vein distends under the redistributed volume, but antegrade flow is
preserved, most plausibly because collateral venous channels — the vertebral venous plexus and
other secondary pathways — accommodate the load. The vertebral plexus is known to carry an
increasing share of cerebral venous return in the supine and head-down postures on Earth, and
it is reasonable to infer that astronauts whose collateral capacity is generous fall into this pheno-
type. Dural sinus enlargement is modest, intracranial pressure shows only the baseline chronic
mild elevation discussed above, and the crewmember completes the mission without SANS or
thrombosis. Roughly five of the eleven Marshall-Goebel crewmembers fit this description, which
is the basis for the provisional 45% prevalence estimate in Table 1.

Phenotype II, congestive-stagnant, is where Spaceflight-Associated Neuro-ocular Syndrome
concentrates. Here the jugular outflow becomes stagnant or loses its normal pulsatility, the redis-
tributed volume is not adequately offloaded to collaterals, and venous congestion propagates
upstream into the dural venous sinuses. This is the mechanistic crux. The dural sinuses are the
final common pathway for two systems: cerebral venous blood, and — through the arachnoid
granulations — cerebrospinal fluid absorption. When sinus pressure rises, both systems back up
at once. Rosenberg et al. (2021) supply the key observation: astronauts with SANS had signifi-
cantly larger preflight-to-postflight dural sinus volume increases than astronauts without SANS.
The framework reads this as the signature of Phenotype II. Congested sinuses sustain the mild
global pressure elevation, impede cerebrospinal fluid absorption, and obstruct the drainage of the
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orbital optic-nerve compartment — connecting, in a single mechanism, the venous finding to the
chronic-pressure model and the compartmentalization model of the previous section.

Phenotype 111, thrombogenic-retrograde, is the most severe and, fortunately, probably the
least common. Retrograde flow represents the most profound outflow stasis, and stasis is one leg
of the Virchow triad for thrombosis. Pavela et al. (2023), in their review of spaceflight venous
thrombosis, argued that microgravity supplies all three legs: stasis from the outflow disturbance,
endothelial perturbation from the altered shear environment, and possible hypercoagulability.
The framework locates the thrombosis risk specifically in Phenotype III, and the retrospective
check is informative — both clot cases in the Marshall-Goebel et al. (2019) cohort occurred in
the retrograde-flow context, not at random. This phenotype carries a compound risk: the venous
congestion that produces SANS in Phenotype 11, plus the thrombotic hazard.

The framework's principal claim is one of unification. Before the framework, the literature
treated SANS and in-flight venous thrombosis as two separate hazards of spaceflight — one a
neuro-ocular problem studied by ophthalmologists, the other a hematological problem studied
by thrombosis specialists. The framework proposes that they are not separate. They are two out-
comes on a single venous-adaptation spectrum, separated by the degree of outflow disturbance.
Phenotype II produces the neuro-ocular outcome; Phenotype III produces the neuro-ocular out-
come and the thrombotic one. The fluid shift sets the spectrum in motion; the individual crew-
member's venous adaptation determines the position on it. This is a different kind of claim from
a risk score. It does not rank astronauts on a continuous scale. It sorts them into mechanistically
distinct categories, each with a different dominant hazard and, as the next section argues, a dif-
ferent indicated response.

I should be candid about the framework's current epistemic status. It is built on small cohorts;
the eleven-crewmember flow dataset is the largest individual-level source. The phenotype bound-
aries are drawn at the discrete flow categories the literature already uses — antegrade, stagnant,
retrograde — and one could argue that venous flow is really a continuum that those categories
merely sample. My response is that the thrombosis outcome is genuinely discrete: a vein either
contains a clot or it does not, and the clots concentrate at the retrograde end. The discreteness
of the worst outcome is, I think, sufficient justification for a discrete framework, even if the
underlying flow variable is continuous. The framework should be understood as a hypothesis
about the structure of the variation, advanced because it organizes the existing data and generates
a testable prediction, and held open to revision — including the possibility, noted in the meth-
odology, that astronauts transition between phenotypes within a single mission.

OPERATIONAL IMPLICATIONS: EARLY-MISSION PHENOTYPING AND
CREW MONITORING

A framework that only reorganizes existing knowledge is an academic exercise. The Cerebro-
venous Adaptation Phenotype framework earns its operational keep through one specific predic-
tion: that the phenotype, assigned early in a mission, forecasts the later clinical course.

The prediction rests on the timing of the Marshall-Goebel et al. (2019) measurements. The
jugular flow classifications in that study were made at flight day 50 — roughly a quarter of the
way through a six-month mission. The neuro-ocular and thrombotic outcomes, by contrast, ac-
crue across the full mission and are typically assessed at or after return. There is, in other words,
a temporal separation between the phenotype-defining measurement and the clinical outcome. If
the framework is correct — if the phenotype is a stable property of the crewmember's venous
adaptation rather than a transient state — then the flight-day-50 phenotype should predict the
end-of-mission outcome. This is a falsifiable claim. Any future cohort with both early-mission
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jugular flow imaging and end-of-mission neuro-ocular assessment can test it directly, and if the
early phenotype fails to predict the late outcome, the framework is wrong.

Suppose the prediction holds. The operational consequence is a shift from uniform to phe-
notype-stratified crew monitoring. At present, neuro-ocular surveillance on the ISS applies a
broadly similar imaging schedule to all crewmembers. Under a phenotype-stratified scheme, the
flight-day-50 jugular ultrasound — a measurement already feasible with the ultrasound hardware
aboard the station — would assign each crewmember to one of the three phenotypes, and the
subsequent monitoring intensity would follow the assignment. Phenotype I crewmembers, at low
risk, would continue on a routine schedule. Phenotype II crewmembers would receive intensified
serial venous and ocular imaging to catch the earliest sighs of SANS. Phenotype III crewmembers
would receive the most intensive surveillance, and the mission medical plan would explicitly pre-
pare for the contingency of anticoagulation — as, in fact, occurred in the 2019 thrombosis case,
where anticoagulant medication available aboard the station was used to manage the clot (Mar-
shall-Goebel et al., 2019).

This phenotype-stratified approach has a particular value for missions beyond low Earth ot-
bit. On the ISS, the crewmember who develops a jugular thrombosis can, in the worst case, be
returned to Earth within hours. On a transit to the Moon or Mars, there is no such option. The
2019 case was managed with anticoagulants that happened to be aboard; a deep-space mission
would need to carry that capability deliberately, and the decision of how much anticoagulant to
stock, and of what kind, depends on an estimate of how many crewmembers fall into Phenotype
IIL. The framework offers a basis for that estimate. If the provisional 20% prevalence of Pheno-
type III holds, a four-person Mars crew has a substantial probability of containing at least one
thrombogenic-phenotype crewmember, and the medical kit should be provisioned accordingly.
This is a concrete planning input that a undifferentiated risk model does not supply.

Crew selection is a2 more delicate matter, and I want to be careful not to overreach. It is
tempting to suggest that the framework could screen astronaut candidates for venous anatomy
predisposing to Phenotype III. But the phenotype, as currently defined, is identified in flight,
under the fluid shift; there is no validated ground-based test that assigns a candidate to a pheno-
type before launch. Ground analogs such as head-down tilt and dry immersion reproduce aspects
of the fluid shift and might, in principle, be developed into a pre-flight phenotyping protocol, but
that development work has not been done. For now, the framework's selection implication is
limited and honest: it identifies a research target — a ground-based predictive test — rather than
a ready selection criterion. Overstating this would be a disservice.

The countermeasure implication is clearer. Lower body negative pressure, shown by Mar-
shall-Goebel et al. (2021) to reduce jugular and portal vein volumes and to normalize middle
cerebral vein velocity, acts directly on the venous limb that defines the phenotypes. The frame-
work suggests that LBNP is not equally valuable for all crewmembers. For Phenotype I, with
preserved antegrade flow, the marginal benefit is small. For Phenotypes II and III, where the
outflow disturbance is the core pathology, LBNP addresses the mechanism itself, and the frame-
work would prescribe it preferentially and at higher daily doses for those crewmembers. A phe-
notype-targeted LBNP protocol — rather than a uniform one — is a direct, testable operational
proposal that follows from the framework, and it could be evaluated in a head-down tilt analog
before any spaceflight trial.

One further implication concerns the glymphatic findings. The enlarged perivascular spaces
documented by Hupfeld et al. (2022) and Barisano et al. (2022) hint that the cephalad fluid shift
impairs the brain's interstitial clearance, with consequences that may extend to long-term neuro-
logical health rather than vision alone. The present framework is venous and does not model the
glymphatic axis. But if perivascular enlargement turns out to track with the congestive phenotypes
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— a plausible hypothesis, since venous congestion and glymphatic stagnation are mechanically
linked — then the framework would extend naturally to a fourth domain of risk. Testing whether
perivascular space enlargement is concentrated in Phenotypes II and III is, in my judgment,
among the most valuable next experiments this framework suggests.

CONCLUSION

The most consequential thing six months in weightlessness does to the cerebral circulation
is not to raise pressure dramatically. It is to remove a daily interval of relief and to expose, in a
subset of crewmembers, a venous outflow system that cannot fully compensate for the headward
fluid shift. The 2019 discovery of a jugular thrombosis in an astronaut was the moment this
became undeniable, and this article has used that discovery as the organizing problem for a syn-
thesis of eighteen Scopus-indexed studies and seven institutional sources. The first hypothesis —
that intracranial pressure in six-month spaceflight is chronically and mildly elevated rather than
acutely high — is confirmed. The convergent evidence from invasive measurement, multimodal
non-invasive indicators, and the Rodrigues et al. (2025) systematic review supports a model in
which microgravity removes the diurnal low-pressure interval and leaves the optic nerve head
under a modest, never-relieved load. The acute-hypertension model that gave the syndrome its
first name should be retired. The qualification, stated plainly, is that the chronic-elevation model
must be paired with the orbital-compartmentalization model; the global pressure is mildly raised,
and the orbital compartment is where that raised pressure does its damage.

The second hypothesis — that cerebral venous outflow segregates astronauts into discrete
response types, and that the type, not the magnitude of the fluid shift, governs the clinical out-
come — is supported, and it is the basis of this article's original contribution. The Cerebrovenous
Adaptation Phenotype framework partitions the response into compensated remodeling, conges-
tive-stagnant, and thrombogenic-retrograde phenotypes. The framework is consistent with two
datasets it was not built to fit: the concentration of both thrombosis cases in the retrograde-flow
group, and the larger dural sinus volume increases in SANS-affected astronauts. The hypothesis
is therefore confirmed at the level of coherence with existing data, with the explicit reservation
that confirmation at the level of prospective prediction has not yet been achieved. The third
hypothesis — that early-mission jugular flow pattern forecasts the later trajectory — is the one
this article cannot itself confirm. It is advanced as the framework's central falsifiable prediction,
and it remains open. The flight-day-50 timing of the Marshall-Goebel et al. (2019) flow measure-
ments makes the prediction testable, but the test requires a cohort with both early-mission flow
imaging and end-of-mission neuro-ocular assessment, analyzed at the individual level. Until that
cohort is assembled and analyzed, the third hypothesis stands as a research program rather than
a result.

The principal original contribution of this article is the Cerebrovenous Adaptation Phenotype
framework itself — a typology that reclassifies the heterogeneous astronaut cerebrovascular re-
sponse into three mechanistically distinct phenotypes and, in doing so, unifies Spaceflight-Asso-
ciated Neuro-ocular Syndrome and in-flight venous thrombosis as two outcomes on one venous-
adaptation spectrum rather than two separate hazards. The contribution is conceptual rather than
metric: where a risk index would rank astronauts on a continuous scale, the framework sorts them
into categories, each with a distinct dominant hazard and a distinct indicated monitoring re-
sponse. To my knowledge, the literature contained no such typology; flow anomalies, sinus vol-
umes, and neuro-ocular signs had been reported as separate observations. The framework's value
will be decided by whether its central prediction survives testing — and it is constructed precisely
so that it can be tested and, if wrong, discarded.
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Four limitations bound these conclusions. The first is sample size: the framework rests on
cohorts of eleven and twelve crewmembers, and the provisional phenotype prevalences should
be read as anchors awaiting larger samples, not as population values. The second is the cross-
sectional structure of the framework: it classifies a phenotype at a point in time but does not yet
model transitions, even though the appearance of a thrombus in a previously merely stagnant
vein implies that an astronaut can move from Phenotype II toward Phenotype I1I within a mis-
sion. The third is the omission of hematological and genetic predisposition: hypercoagulable traits
almost certainly modulate the thrombogenic phenotype, and a complete framework would incoz-
porate them, but the data linking specific traits to astronaut outcomes do not yet exist. The fourth
is the restriction to six-month missions: whether the phenotypes are stable, or whether compen-
sated remodeling decays into congestion over the longer exposures of a Mars transit, is unknown
and unaddressed here.

Three lines of future work follow. The most urgent is the prospective test of the early-phe-
notyping prediction, using any cohort with paired early-mission and end-of-mission data. The
second is the development of a ground-based phenotyping test — most plausibly through head-
down tilt or dry immersion analogs — that could assign a crewmember to a phenotype before
launch and thereby convert the framework from an in-flight monitoring tool into a selection and
planning tool. The third is the integration of the glymphatic axis: testing whether the enlarged
perivascular spaces documented after long-duration flight are concentrated in the congestive phe-
notypes would either extend the framework to a fourth domain of risk or falsify a natural predic-
tion of it.

Cerebral circulation in spaceflight has often been discussed as though every astronaut re-
sponds alike. The evidence from a decade of ISS research says otherwise. The same fluid shift
produces a benign distended vein in one crewmember, a congested and SANS-bearing circulation
in another, and a thrombus in a third. A framework that takes this heterogeneity as its starting
point, names the phenotypes, and predicts that they can be identified early enough to act on is, I
would argue, the form a useful contribution to this field now has to take. Whether the specific
framework proposed here is correct is a matter for the next cohort to decide.
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Sazetak: Godine 2019. tokom rutinskog ultrazvuc¢nog pregleda na Medunarodnoj svemirskoj
stanici (ISS) otkriven je okluzivni tromb u unutrasnjoj jugularnoj veni astronauta — prvi venski
tromb ikada dokumentovan u svemirskom letu. Taj nalaz preoblikovao je citavu deceniju
istrazivanja takozvanog cefalicnog pomaka tjelesnih tekucina. Ovaj clanak ispituje Sta Ses-
tomjesecne misije ¢ine cerebralnoj cirkulaciji i intrakranijalnom tlaku, te postavlja pitanje koje
literatura nije razrijesila: zasto samo dio astronauta razvija neuro-okularno ostecenje ili vensku
trombozu kada svi dozivljavaju isti pomak tekuéine ka glavi. Sintetiziram osamnaest SCOPUS-
indeksiranih studija i sedam institucionalnih izvora koji obuhvataju protok kroz unutrasnju jugu-
larnu venu, volumen duralnih venskih sinusa, intrakranijalni tlak mjeren invazivnim i neinvazi-
vnim metodama, Sirenje mozdanih komora i perivaskularnih prostora na serijskim MRI
snimcima, te djelotvornost negativnog tlaka na donji dio tijela. Tri kvantitativna oslonca organi-
zuju sintezu: $est od jedanaest clanova posade pokazalo je stagnantni ili retrogradni jugularni
protok na 50. danu leta; intrakranijalni tlak u mikrogravitaciji nalazi se u kroni¢no blagom
rasponu, iznad uspravne zemaljske vrijednosti ali ispod lezece, uz ukidanje normalne dnevno-
noéne fluktuacije; ukupni volumen mozdanih komora raste 11-25% tokom $estomjesecne misije
uz tek djelimican oporavak na Zemlji. Originalni doprinos ovog ¢lanka je okvir Cerebrovenskih
Adaptacijskih Fenotipova, koji heterogeni odgovor astronauta razvrstava u tri diskretna fenotipa
— kompenzovano remodeliranje, kongestivho-stagnantni 1 trombogeno-retrogradni —
definisana obrascem, a ne veli¢cinom promjene jugularnog odljeva. Okvir preoblikuje Svemirski
Povezani Neuro-okularni Sindrom (SANS) i ven(intra)letnu trombozu ne kao odvojene opasnosti
nego kao dva ishoda na jednom spektru venske adaptacije, i generise provjerljivu predikciju: obra-
zac jugularnog protoka procijenjen rano u misiji, oko 50. dana leta, trebao bi predvidjeti kasniju
neuro-okularnu i trombotsku putanju. Razvijene su operativne implikacije za rano fenotipiziranje
1 nadzor posade.

Kljuéne rijeci: cercbralna cirkulacija, intrakranijalni tlak, unntrasnja jugularna vena, svemirski povezani
nenro-okularni sindrom, cefalitni pomak tekuéine, venska tromboza, cerebrovenski adaptacijski fenotip.
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