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Abstract

Mechanical thrombectomy for acute ischemic stroke has made macrovessel reopening

achievable, but angiographic success may not restore effective capillary flow or prevent

cerebral target-organ damage. This hypothesis-driven narrative review examines

endothelial glycocalyx injury as a blood-facing mechanism linking cardiometabolic

vulnerability with post-thrombectomy microvascular failure. English-language

literature from PubMed/MEDLINE, Web of Science, Embase, and Google Scholar
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through 30 April 2026 was synthesized, focusing on thrombectomy, impaired

microvascular reperfusion, blood-brain barrier and neurovascular-unit biology,

glycocalyx shedding markers, cardiometabolic risk, imaging endpoints, and

microcirculatory rescue. Experimental, biomarker, imaging, and therapeutic evidence

suggests that ischemic priming, reperfusion stress, complement and metabolic injury,

device-related trauma, distal embolization, and host vulnerability may converge on the

glycocalyx. Glycocalyx loss may amplify leukocyte plugging, platelet adhesion,

microthrombosis, vasomotor mismatch, blood-brain barrier destabilization,

pericyte-associated resistance, capillary transit-time heterogeneity, and inefficient

oxygen delivery. Direct proof in human thrombectomy remains limited. Serial,

compartment-specific biomarkers integrated with peri-procedural perfusion and barrier

imaging are needed to test whether endothelial glycocalyx injury contributes to

incomplete tissue-level reperfusion after angiographically successful mechanical

thrombectomy.

Keywords: Acute ischemic stroke, mechanical thrombectomy, endothelial glycocalyx,

metabolic vulnerability, cerebral target-organ damage, microvascular reperfusion

failure, blood-brain barrier, syndecan-1

INTRODUCTION: THE POST-THROMBECTOMY REPERFUSION GAP

Mechanical thrombectomy (MT) has shifted the therapeutic frontier in acute ischemic

stroke caused by anterior-circulation large-vessel occlusion (LVO). In many patients,

the immediate procedural challenge - reopening the target artery - can now be met, and

randomized evidence has established the clinical value of endovascular therapy (EVT)

across broad patient groups[1]. The unresolved problem is what happens after the artery

is open. A substantial proportion of patients with modified Thrombolysis in Cerebral

Infarction/expanded Treatment in Cerebral Ischemia (mTICI/eTICI)-defined success

still do not regain meaningful neurological function, the dissociation commonly
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described as futile recanalization[2]. From a target-organ damage perspective, the

post-recanalization brain is not simply a reperfused tissue bed; it is a metabolically

vulnerable microvascular organ interface exposed to abrupt hemodynamic,

inflammatory, and oxidative stress.

This dissociation is not simply a flaw in an angiographic grading scale. It reflects a

layered biological problem: parent-vessel patency, angiographic reperfusion,

parenchymal perfusion, microvascular oxygen delivery, and clinical recovery are linked

but not identical. The downstream vascular bed may remain hypoperfused, become

hyperperfused, distribute flow inefficiently, leak across the BBB, or become

compressed and metabolically ineffective even after proximal flow has been

restored[3-5]. Reported rates of impaired microvascular reperfusion (IMR) or persistent

hypoperfusion vary widely because studies differ in timing, imaging modality,

reperfusion thresholds, and exclusion of competing causes[3]. Angiographic success is

therefore necessary for tissue salvage but is not an adequate biological readout of it.

Several mechanisms have been proposed to explain the post-thrombectomy reperfusion

gap: distal embolization, leukocyte plugging, microthrombi, pericyte contraction,

endothelial swelling, BBB disruption, edema, HT, and impaired autoregulation[3-5].

These processes are often discussed separately. What is missing is a blood-facing

structure that can plausibly connect hemodynamic stress, inflammation,

immunothrombosis, endothelial barrier failure, and NVU dysfunction without forcing

them into a single linear sequence.

The endothelial glycocalyx is well positioned for that role. It sits at the luminal surface

of endothelial cells and is among the first cerebral microvascular structures exposed to

ischemic priming, renewed shear stress, circulating inflammatory mediators,

complement, platelets, leukocytes, thrombin, and device-related mechanical
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perturbation[6-10]. Cardiometabolic vulnerability may further lower the resilience of this

interface before MT occurs, particularly in patients with diabetes, hyperglycemia,

hypertension, renal dysfunction, systemic inflammation, or endothelial dysfunction.

The claim advanced here is intentionally narrow: endothelial glycocalyx injury is a

plausible and testable contributor to post-MT microvascular dysfunction, incomplete

tissue-level reperfusion, and cerebral target-organ injury. It should not be presented as

the proven central cause of human MT-associated no-reflow or futile recanalization.

The focus is anterior-circulation LVO, although the same reasoning may later prove

relevant to posterior-circulation or other occlusion territories.

Scope of this review

This article is a hypothesis-driven narrative review and mechanistic translational

perspective. It is not a systematic review, meta-analysis, guideline, or expert consensus

statement, and it does not argue that glycocalyx injury has already been established as a

dominant determinant of futile recanalization.

The literature base was assembled through targeted searches of PubMed/MEDLINE,

Web of Science, Embase, and Google Scholar for English-language articles published

through April 30, 2026. Search terms included combinations of mechanical

thrombectomy, endovascular therapy, futile recanalization, no-reflow, impaired

microvascular reperfusion, incomplete tissue-level reperfusion, endothelial glycocalyx,

syndecan-1, heparan sulfate, hyaluronan, blood-brain barrier, neurovascular unit,

metabolic vulnerability, cardiometabolic risk, hyperglycemia, diabetes, hypertension,

renal dysfunction, target-organ damage, perfusion imaging, DSA parametric color

coding, intra-arterial thrombolysis, and microcirculatory rescue. Additional references

were identified from cited articles and selected for mechanistic relevance.
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Because the purpose was conceptual synthesis rather than evidence grading, no

PRISMA workflow, formal risk-of-bias assessment, or meta-analysis was performed.

Priority was given to studies addressing MT, IMR, BBB/NVU biology, glycocalyx

structure and shedding markers, cardiometabolic and endothelial vulnerability,

microcirculatory rescue, and peri-procedural imaging. Where the evidence is indirect or

extrapolated from non-MT settings, that limitation is stated rather than embedded

repeatedly in every mechanistic sentence.

DEFINITIONS AND CONCEPTUAL HIERARCHY

A useful discussion of reperfusion failure after MT has to keep several terms apart.

Figure 1 summarizes the conceptual hierarchy linking target large-vessel occlusion,

macrovessel recanalization, angiographic reperfusion, tissue-level reperfusion,

microvascular dysfunction, and clinical outcome, while Table 1 defines the key terms

used throughout this review. Recanalization refers to reopening of the previously

occluded macrovessel. Angiographic reperfusion describes contrast filling of the

downstream territory, usually graded by mTICI/eTICI scales. Tissue-level reperfusion

asks a different question: whether parenchymal perfusion and oxygen delivery are

sufficient for threatened tissue to survive. Microvascular reperfusion is still more

granular, referring to arteriolar, capillary, and venular patency, tone, permeability,

rheology, and flow distribution. IMR or no-reflow denotes persistent microvascular

dysfunction despite macrovessel recanalization; it is a mechanistic or imaging state

rather than a clinical outcome by itself[3,5].
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Figure 1. Conceptual hierarchy from angiographic recanalization to tissue-level

reperfusion and clinical outcome. The diagram separates target large-vessel occlusion

(LVO), macrovessel recanalization, mTICI/eTICI-defined angiographic reperfusion,

tissue-level reperfusion, and patient-level clinical outcome. One route proceeds from

target LVO to macrovessel recanalization, angiographic reperfusion, adequate

tissue-level reperfusion, and tissue salvage. The alternative route shows that

angiographic reperfusion may coexist with incomplete tissue-level reperfusion,

followed by microvascular failure, FIV growth, edema, and/or HT, thereby increasing

the likelihood of futile recanalization. Technical success enables but does not guarantee

tissue salvage. Futile recanalization should be displayed as a clinical outcome category,

not as a microvascular mechanism.

Table 1. Conceptual hierarchy of post-thrombectomy reperfusion failure.

Term Definition Typical

measurement

Mechanistic

meaning

Clinical

limitation

Recanalization Reopening of

the occluded

parent artery.

DSA, CTA,

MRA;

component of

mTICI/eTICI

assessment.

Restores

proximal

access for

blood flow.

Does not prove

parenchymal

perfusion or

tissue survival.

Angiographic Contrast filling mTICI/eTICI Describes Insensitive to
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Term Definition Typical

measurement

Mechanistic

meaning

Clinical

limitation

reperfusion of the

downstream

vascular

territory after

treatment.

grade on DSA. macroscopic

flow

restoration.

capillary flow,

oxygen

extraction, BBB

leakage, and

delayed infarct

growth.

Tissue-level

reperfusion

Adequate

parenchymal

perfusion and

oxygen delivery

to threatened

tissue.

CTP, MRP,

ASL, perfusion

maps, and tissue

outcome.

Intermediate

layer

between

technical

success and

tissue

salvage.

Definitions

vary; may

include

hypoperfusion,

hyperperfusion,

or flow

maldistribution.

Microvascular

reperfusion

Functional

arteriolar,

capillary, and

venular flow

with preserved

rheology, tone,

and barrier

function.

DSA-PCC,

CTP/MRP/ASL,

BOLD-CVR,

experimental

microscopy.

Reflects

downstream

vascular

network

function.

Difficult to

measure

directly in

humans.

IMR /

no-reflow

Persistent

microvascular

dysfunction

despite

macrovessel

Post-MT

perfusion

imaging,

angiographic

flow delay,

Mechanistic

or imaging

state

involving

obstruction,

Should not be

equated with

futile

recanalization

or 90-day mRS
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Term Definition Typical

measurement

Mechanistic

meaning

Clinical

limitation

recanalization. experimental

capillary

non-filling.

constriction,

edema, or

shunting.

alone.

Incomplete

tissue-level

reperfusion

Residual

perfusion or

oxygen-delivery

abnormality

after

angiographically

successful MT.

Hypoperfusion,

hyperperfusion,

CTH, BBB

permeability,

FIV growth,

edema, HT.

Intermediate

risk layer for

infarct

expansion

and poor

recovery.

Heterogeneous;

may have

multiple causes

beyond

glycocalyx

injury.

Futile

recanalization

Poor clinical

outcome despite

technically

successful

recanalization or

reperfusion.

Usually a

90-day mRS

threshold, often

mRS 3-6 or 4-6.

Patient-level

clinical

outcome

category.

Affected by

age, baseline

core,

collaterals,

cardiometabolic

comorbidity,

infection,

rehabilitation,

systemic

complications,

and

target-organ

reserve.

Incomplete tissue-level reperfusion is broader than classical no-reflow. It may include

persistent hypoperfusion, regional hyperperfusion from autoregulatory failure,
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microvascular shunting, capillary transit-time heterogeneity (CTH), impaired oxygen

extraction, BBB leakage, edema, and evolving infarct growth[3,4]. Futile recanalization,

by contrast, is a patient-level outcome category, most often defined by poor 90-day

modified Rankin Scale (mRS) despite angiographically successful recanalization or

reperfusion. It is shaped not only by reperfusion biology but also by age, premorbid

status, baseline core volume, collateral status, stroke severity, infection, rehabilitation

access, edema, HT, systemic complications, and comorbid disease[2].

Placing the glycocalyx hypothesis within this hierarchy is important. Glycocalyx injury

should not be equated with futile recanalization. The more defensible position is that it

may contribute to intermediate tissue and imaging states that increase the probability of

poor recovery. In a metabolism and target-organ damage framework, these intermediate

states can also be viewed as early expressions of cerebral microvascular target-organ

injury in a host whose vascular surface may already be metabolically vulnerable. For

that reason, this review uses angiographically successful reperfusion when referring to

mTICI/eTICI-defined procedural success, rather than implying that tissue salvage has

been achieved.

THE ENDOTHELIAL GLYCOCALYX AS A BLOOD-FACING BBB/NVU

INTERFACE

The endothelial glycocalyx is a dynamic, carbohydrate-rich layer covering the luminal

surface of endothelial cells. It contains glycosaminoglycans, including heparan sulfate,

hyaluronan, and chondroitin sulfate; membrane-bound proteoglycans, including

syndecans and glypicans; mucin-domain glycoproteins; sialylated glycoproteins; and

plasma-derived proteins incorporated into the endothelial surface layer[7,8,11,12]. Its

composition and thickness vary by vascular bed, flow state, inflammatory milieu, and

disease context.
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The cerebral glycocalyx should not be treated as a generic peripheral vascular coating

simply relocated to the brain. Brain microvessels are embedded within the BBB and

NVU, where endothelial cells, pericytes, basement membrane, astrocytic endfeet,

microglia, neurons, and extracellular matrix jointly regulate barrier function, flow

distribution, and metabolic coupling[9-11]. The glycocalyx is not synonymous with either

the BBB or the NVU. It is the luminal endothelial surface layer operating within that

specialized neurovascular environment.

That location is central to the hypothesis. An intact glycocalyx limits direct platelet and

leukocyte contact with the endothelial membrane, supports antithrombotic and

anticoagulant surface properties, contributes to permeability control, and transduces

shear stress into endothelial nitric oxide (NO)-dependent vasomotor responses[6-8].

Experimental work also links glycocalyx integrity to suppression of endothelial

transcytosis and preservation of BBB function after ischemic stroke[11]. These

properties make the glycocalyx a plausible point of convergence between

cardiometabolic endothelial vulnerability and acute reperfusion-associated cerebral

target-organ damage.

Recent Nature work has sharpened the brain-specific relevance of this layer by showing

that glycocalyx dysregulation and mucin-domain glycoproteins can influence BBB

stability in aging and disease[12]. This strengthens the rationale for considering the

glycocalyx as a BBB-associated luminal structure. It should not, however, be read as

direct evidence that glycocalyx injury causes no-reflow after MT in patients; its value

for the present argument is mechanistic, not clinical proof.

https://www.scierxiv.com/
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TRIGGERS OF GLYCOCALYX INJURY AFTER ANGIOGRAPHICALLY

SUCCESSFUL MT

Glycocalyx instability after MT is unlikely to begin or end with a single insult. It is

more plausibly produced by overlapping ischemic, reperfusion, mechanical,

thromboinflammatory, metabolic, and host-related stresses that converge on an already

vulnerable luminal surface. This framing is important because MT-associated cerebral

injury may represent not only a procedural reperfusion problem but also an acute

expression of pre-existing cardiometabolic endothelial vulnerability and target-organ

susceptibility.

Ischemic priming. During arterial occlusion, endothelial hypoxia, ATP depletion,

acidosis, ionic dysregulation, low shear stress, and local inflammatory signaling may

weaken glycocalyx homeostasis before the occluded artery is reopened[6,11,29].

Reperfusion may therefore expose and amplify an injured surface rather than acting on

a normal baseline.

Reperfusion-associated oxidative and inflammatory injury. Recanalization restores

oxygen and substrate delivery, but it also brings reactive oxygen species, abrupt shear

changes, neutrophil recruitment, thrombin generation, and inflammatory cytokines into

the ischemic microvascular bed[6,28-30]. These processes may promote enzymatic

shedding of glycocalyx components. Once the layer is thinned, adhesion molecules and

procoagulant endothelial surfaces may become more accessible.

Complement activation and metabolic stress. Complement contributes to cerebral

ischemia-reperfusion injury, and metabolic intermediates such as succinate can drive

oxidative injury in experimental MT models[28,30]. Diabetes, acute hyperglycemia,

insulin resistance, renal dysfunction, and systemic inflammation may intensify

oxidative and inflammatory stress at the luminal surface, although these pathways are

https://www.scierxiv.com/
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not specific to the glycocalyx. They are best viewed as parallel or converging stressors

that may injure the endothelial surface while also damaging other parts of the NVU.

Device-related endothelial trauma and altered shear stress. Stent retrievers, aspiration

catheters, multiple passes, clot-device interaction, and rapid restoration of flow can

perturb the endothelial surface[24-26]. Human and experimental studies support

vessel-wall and endothelial trauma after MT, although direct visualization of cerebral

glycocalyx damage from devices in patients is lacking. The anatomical inference is

straightforward: the glycocalyx is the first endothelial layer encountered by devices and

by newly restored flow fields.

Distal embolization and residual microthrombotic burden. Distal clot migration and

residual microemboli can create patchy low-flow territories, maintain local

thromboinflammation, and perpetuate downstream obstruction[5,27]. In these regions,

glycocalyx loss could favor platelet and leukocyte-endothelial contact, while

microemboli themselves may sustain endothelial stress.

Host vulnerability. Aging, diabetes, acute hyperglycemia, hypertension, dyslipidemia,

renal dysfunction, infection, systemic inflammation, endothelial dysfunction, and

peri-procedural blood-pressure fluctuation may lower the threshold for glycocalyx

injury or slow recovery[2,6,12]. These factors are not downstream consequences of

glycocalyx loss. They are background conditions that may determine whether the

luminal surface remains resilient after recanalization and whether the reperfused brain

behaves as a recoverable target organ or a vulnerable microvascular injury site.

https://www.scierxiv.com/
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MECHANISTIC PATHWAYS LINKING GLYCOCALYX INJURY TO

TISSUE-LEVEL REPERFUSION FAILURE

The useful question is not whether glycocalyx loss explains every case of post-MT

reperfusion failure. It almost certainly does not. The more testable question is whether

injury to this blood-facing layer makes established no-reflow mechanisms more likely,

more persistent, or more spatially heterogeneous [Figure 2].

Figure 2. Working model of endothelial glycocalyx injury after mechanical

thrombectomy. The model contains three layers: a trigger layer, a luminal surface layer,

and a tissue/imaging layer. The trigger layer includes ischemic priming, reperfusion

shear stress, oxidative stress, complement activation, metabolic stress, cardiometabolic

vulnerability, distal embolization, device-endothelial trauma, systemic inflammation,

and host vulnerability. The luminal surface layer includes glycocalyx thinning or

shedding, endothelial activation, loss of anti-adhesive and anticoagulant surface

properties, loss of mechanosensing, and BBB-associated destabilization. The

tissue/imaging layer includes leukocyte plugging, platelet adhesion and

microthrombosis, BBB leakage, edema, HT risk, pericyte-associated resistance,

increased CTH, shunting, maldistributed perfusion, inefficient oxygen delivery, and
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cerebral target-organ injury. Solid arrows indicate comparatively stronger experimental

or clinical support. Dashed arrows indicate hypothesis-generating, indirect,

model-based, or incompletely validated links rather than established causal

relationships.

Loss of anti-adhesive function and leukocyte plugging. An intact glycocalyx separates

circulating leukocytes from endothelial adhesion platforms. Thinning or shedding could

make leukocyte rolling, adhesion, and capillary stalling more likely[6-8]. In a mouse

thrombin model of middle cerebral artery occlusion with recanalization, neutrophil

obstruction of brain capillaries was identified as a major contributor to no-reflow, with

approximately 30% of capillaries remaining occluded after thrombolysis in that

model[13]. This is strong animal evidence for leukocyte plugging as a no-reflow

mechanism; it does not identify glycocalyx shedding as the initiating event in human

MT.

Platelet adhesion, microthrombosis, and loss of antithrombotic surface properties.

Glycocalyx loss may expose proadhesive and procoagulant endothelial surfaces, bring

platelets closer to the endothelial membrane, and reduce local antithrombotic

capacity[6-8]. The endothelial surface layer helps maintain a low-thrombogenic state

through spatial organization of heparan sulfate, antithrombin-related effects,

thrombomodulin-associated pathways, and shear-dependent endothelial signaling[6-8].

Microthrombi and fibrin-platelet aggregates are recognized components of no-reflow

biology[5]. What remains unresolved is how much of the post-MT microthrombotic

burden in patients is specifically driven by cerebral glycocalyx injury rather than by

distal emboli, thrombin generation, stagnant flow, or systemic inflammation.

Impaired mechanosensing and NO-dependent vasomotor mismatch.

Glycocalyx-dependent mechanotransduction links shear stress to endothelial NO
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production and vasomotor regulation[7,8]. Abrupt recanalization changes shear

conditions across vessels that have just experienced ischemia. If the glycocalyx is

damaged, endothelial sensing of restored flow may become uneven, contributing to

heterogeneous vasodilation, vasoconstriction, or autoregulatory failure. Clinical BOLD

cerebrovascular reactivity (BOLD-CVR) data showing steal phenomena after

angiographically successful EVT support persistent hemodynamic impairment, but they

do not establish glycocalyx causality[31].

BBB destabilization, endothelial transcytosis, edema, and HT risk. Experimental stroke

studies indicate that glycocalyx disruption can increase BBB permeability and

endothelial transcytosis, even when tight-junction morphology is not the sole

abnormality[10,11]. This makes glycocalyx loss a plausible contributor to edema and HT

risk after reperfusion. Human evidence is still largely associative and biomarker-based,

so the claim should remain focused: glycocalyx injury may participate in barrier failure,

but it has not been shown to independently cause HT after MT.

Pericyte contraction and mural or extravascular resistance. Pericyte-mediated capillary

constriction is a well-established experimental mechanism of post-ischemic no-reflow.

Rodent and ex vivo studies show that pericyte dysfunction can persist after

recanalization and reduce microvascular perfusion[14,15]. Glycocalyx injury could

interact with this pathway through endothelial NO signaling, edema, oxidative stress,

and leukocyte stalling. Direct endothelial glycocalyx-pericyte coupling after MT,

however, remains an open experimental question.

Capillary transit-time heterogeneity, shunting, and impaired oxygen extraction.

Theoretical and imaging work suggests that capillary flow heterogeneity can impair

oxygen extraction even when total cerebral blood flow is not uniformly reduced[16-18].

Glycocalyx injury could contribute to this pattern by promoting patchy adhesion,
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microthrombosis, vasomotor mismatch, and barrier leakage. The point is conditional,

not universal: restored cerebral blood flow may coexist with inefficient oxygen

extraction in selected settings, but perfusion-metabolic validation is needed to identify

when this occurs.

INCOMPLETE TISSUE-LEVEL REPERFUSION AS AN INTERMEDIATE

PHENOTYPE

Incomplete tissue-level reperfusion is best treated as the intermediate layer between

technical success and clinical outcome. It is not synonymous with futile recanalization.

It is a tissue and imaging state that may increase the likelihood of infarct growth,

edema, HT, and poor neurological recovery. In the present framing, it also represents a

candidate early phenotype of cerebral target-organ damage after recanalization,

especially when the pre-existing endothelial surface is made vulnerable by

cardiometabolic stress.

This state has several faces. Persistent hypoperfusion may reflect IMR, distal emboli,

residual proximal or diffuse flow limitation, or edema-related compression.

Hyperperfusion may signal autoregulatory failure and BBB vulnerability.

Maldistributed capillary flow may produce shunting and inefficient oxygen extraction.

BBB leakage may drive vasogenic edema, increase extravascular resistance, and

contribute to HT. Follow-up imaging markers such as final infarct volume (FIV),

infarct growth, edema, and HT are therefore closer to the biological consequences of

reperfusion failure than the 90-day mRS alone[31-34].

The distinction has practical consequences. The 90-day mRS is shaped by many

variables outside peri-procedural microvascular biology, including age, baseline core

volume, collateral status, eloquence of the infarcted tissue, pre-stroke disability,

infection, delirium, rehabilitation intensity, edema, HT, decompressive surgery,
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systemic complications, and cardiometabolic comorbidity[2]. Mechanistic studies

should therefore pair functional outcomes with early imaging endpoints. Those

endpoints are more temporally proximate to vascular injury and better suited for testing

whether glycocalyx-marker dynamics move with tissue-level reperfusion failure. In this

view, glycocalyx injury is a candidate contributor to imaging-defined incomplete

reperfusion and cerebral target-organ damage, not a direct label for poor clinical

outcome.

BIOMARKER EVIDENCE: SYNDECAN-1 AS AN IMPERFECT PERIPHERAL

SHADOWOF CEREBRAL GLYCOCALYX INJURY

The clinical evidence for the glycocalyx hypothesis is limited and should be read in

layers. Most human studies use circulating shedding products - principally syndecan-1,

heparan sulfate, and hyaluronan. These markers are practical because they can be

sampled serially. Their weakness is the same feature that makes them easy to measure:

they circulate systemically and are not specific to the cerebral microvasculature.

Closest human evidence. The most relevant human data come from LVO studies that

sampled both intracranial and peripheral compartments. Intracranial and peripheral

plasma syndecan-1 showed spatiotemporal heterogeneity, suggesting that distal

occlusion-site signals and peripheral venous levels may not be synchronized[19]. This

supports compartment-specific sampling, although the evidence remains constrained by

small sample size and biomarker nonspecificity.

Peripheral studies and what they add. Longitudinal peripheral biomarker studies in

EVT-treated LVO cohorts suggest that syndecan-1 dynamics are associated with

neurological deterioration, 90-day mortality, or prognosis[20,21]. In thrombolysis-treated

patients, higher plasma syndecan-1 has been associated with unfavorable outcomes[22].

A 2024 MT cohort reported that lower peripheral syndecan-1 on postoperative day 1
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was associated with worse prognosis, a reminder that measurement timing can reverse

intuitive interpretations[21]. Another study reported lower syndecan-1 levels after

pre-thrombectomy intravenous thrombolysis, but this should be read as an association

with peripheral shedding dynamics rather than proof of glycocalyx repair[23].

How temporal patterns might be interpreted. Early high syndecan-1 may reflect

acute shedding and washout from injured endothelial surfaces. Later low levels could

reflect depletion of endothelial reserve, altered clearance, impaired repair, or

differences in systemic vascular contribution. Each explanation is biologically plausible;

none is established. Serial paired intracranial and peripheral sampling is needed before

a temporal biomarker pattern can be assigned mechanistic meaning.

What cannot be assumed. Peripheral syndecan-1 is not a real-time mirror of the

cerebral microvascular glycocalyx. It may derive from lung, kidney, liver, gut, systemic

endothelium, or traumatically injured vasculature. Levels may be influenced by

diabetes, hypertension, renal dysfunction, infection, sepsis, chronic inflammation,

anesthesia, contrast agents, heparin exposure, intravenous thrombolysis, blood-pressure

management, number of device passes, reperfusion grade, and sampling time. A single

peripheral blood draw is therefore unlikely to define the state of the cerebral luminal

surface. At present, peripheral syndecan-1 is best regarded as an imperfect peripheral

shadow of cerebral glycocalyx injury and should be interpreted together with

cardiometabolic context and brain-specific imaging.

Table 2. Evidence map for the endothelial glycocalyx hypothesis.

Evidence

domain

Representative

evidence

Represent

ative

references

Relationship

to glycocalyx

hypothesis

Key

limitations

Evidence

strength

Brain BBB glycocalyx [9-12] Supports the Not Animal
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Evidence

domain

Representative

evidence

Represent

ative

references

Relationship

to glycocalyx

hypothesis

Key

limitations

Evidence

strength

endothelia

l

glycocaly

x and

BBB/NV

U biology

studies, ischemic

stroke models,

and

mucin-domain

glycoprotein

work in

aging/disease.

glycocalyx as

a blood-facing

BBB-associate

d surface.

specific to

human MT;

aging/disea

se data

should not

be

overgeneral

ized.

evidence

/

mechanis

tic

inference

Ischemia-r

eperfusion

glycocaly

x

degradatio

n

Organ

ischemia-reperfu

sion literature

and stroke BBB

models.

[6,11,29,30

]

Shows

vulnerability

of the luminal

surface to

reperfusion

stress.

Most data

are

non-cerebra

l or

experiment

al;

pathways

are not

glycocalyx-

specific in

MT.

Animal

evidence

/

mechanis

tic

inference

Neutrophi

l plugging

Mouse

no-reflow

studies after

recanalization.

[13] Provides a

downstream

mechanism

that

glycocalyx

loss could

Does not

prove

glycocalyx

as the

upstream

driver in

Animal

evidence
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Evidence

domain

Representative

evidence

Represent

ative

references

Relationship

to glycocalyx

hypothesis

Key

limitations

Evidence

strength

amplify. humans.

Pericyte

contractio

n

Rodent and ex

vivo studies

showing

capillary

constriction and

persistent

no-reflow.

[14,15] Could interact

indirectly with

endothelial

NO and

edema

pathways.

Direct

glycocalyx-

pericyte

causal

coupling

after MT is

untested.

Animal

evidence

CTH and

oxygen

extraction

Modeling and

clinical

perfusion-MRI

work on

capillary transit

patterns.

[16-18,31] Provides a

hemodynamic

state

potentially

amplified by

patchy

luminal injury.

Often

model-base

d or

indirect;

not

glycocalyx-

specific.

Mechanis

tic

inference

/ indirect

clinical

evidence

Intracrani

al versus

peripheral

syndecan-

1

sampling

Local distal

occlusion-site

and peripheral

syndecan-1

heterogeneity.

[19] Supports

compartment-

specific

biomarker

study design.

Small

cohorts; no

direct

visualizatio

n of

cerebral

glycocalyx.

Relativel

y direct

human

biomarke

r

evidence

Peripheral

shedding-

marker

Serial EVT and

MT cohorts;

thrombolysis-rel

[20-23] Suggests

shedding-mar

ker dynamics

Peripheral

levels are

nonspecific

Indirect

human

biomarke
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Evidence

domain

Representative

evidence

Represent

ative

references

Relationship

to glycocalyx

hypothesis

Key

limitations

Evidence

strength

dynamics ated syndecan-1

studies.

may be

relevant to

peri-procedura

l vascular

injury.

and

timing-depe

ndent.

r

evidence

DSA-PCC

and

perfusion

imaging

Angio-suite

PCC,

CTP/MRP/ASL,

BOLD-CVR,

FIV/edema/HT

biomarkers.

[31-34] Can define the

reperfusion

states needed

to test the

hypothesis.

Imaging

patterns are

not specific

to

glycocalyx

injury.

Indirect

clinical

evidence

Post-EVT

microcirc

ulatory

rescue

CHOICE,

PEARL,

intra-arterial

tenecteplase, and

meta-analyses.

[35-40] Shows that the

post-EVT

microcirculati

on may

remain

therapeutically

actionable.

Does not

demonstrat

e

glycocalyx

repair.

Direct

human

evidence

for rescue

concept;

not direct

glycocaly

x

evidence

Putative

glycocaly

x-directed

therapies

Sulodexide,

glycosaminoglyc

an restoration,

and

heparanase-relat

[41-44] Potential

mechanistic

intervention

class.

Mostly

non-brain,

non-MT,

preclinical,

sepsis,

Unproven

assumpti

on for

acute

post-MT
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Evidence

domain

Representative

evidence

Represent

ative

references

Relationship

to glycocalyx

hypothesis

Key

limitations

Evidence

strength

ed strategies. diabetes, or

vascular-inj

ury

settings.

stroke

Cardiomet

abolic

vulnerabil

ity and

cerebral

target-org

an

susceptibil

ity

Diabetes,

hyperglycemia,

hypertension,

dyslipidemia,

renal

dysfunction,

systemic

inflammation,

and endothelial

dysfunction as

host modifiers of

reperfusion

injury.

[2,6,12,29,

30]

Frames the

brain

microvasculat

ure as a

target-organ

interface in

which

pre-existing

endothelial

vulnerability

may lower the

threshold for

glycocalyx

injury.

Risk-contex

t evidence

is not proof

of cerebral

glycocalyx

causality

after MT;

metabolic

factors may

also

influence

outcome

through

non-glycoc

alyx

pathways.

Clinical

context /

mechanis

tic

inference

THERAPEUTIC IMPLICATIONS

Established or near-clinical microcirculatory rescue

Adjunctive intra-arterial thrombolysis after angiographically successful EVT is the

most clinically advanced example of post-recanalization microcirculatory rescue.
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CHOICE suggested improved excellent outcome with intra-arterial alteplase after

angiographically successful thrombectomy, but the trial was phase 2b and required

replication[35]. PEARL subsequently reported a higher proportion of 90-day mRS 0-1

after intra-arterial alteplase in selected patients with eTICI-defined successful

angiographic reperfusion[36]. Phase 1b/2a randomized evidence with intra-arterial

tenecteplase supports procedural feasibility, dose selection, and safety signals, but does

not yet establish clinical efficacy[37]. Contemporary meta-analyses support the broader

idea that the post-EVT microcirculation can remain therapeutically actionable[38-40].

None of these data demonstrate glycocalyx repair. Their relevance is that tissue-level

reperfusion may still be modifiable after the angiogram looks successful.

Mechanism-adjacent endothelial protection

Strategies targeting oxidative stress, complement activation, metabolic stress,

endothelial inflammation, BBB disruption, and edema may indirectly stabilize the

endothelial surface[28-30]. Hyperglycemia, renal dysfunction, blood-pressure variability,

and systemic inflammation are clinically relevant host and peri-procedural modifiers,

although their direct relationship to glycocalyx preservation after MT remains

insufficiently defined. These approaches are therefore mechanism-adjacent rather than

glycocalyx-specific. Their translational value will depend on patient selection, timing,

safety, and concordance with imaging-defined reperfusion states. For a

metabolism-oriented trial design, cardiometabolic phenotype should be treated as both

a biological modifier and an adjustment variable, rather than as background clinical

noise.

Putative glycocalyx-directed therapies

Sulodexide, heparanase inhibition, glycosaminoglycan restoration, preservation of

hyaluronan or heparan sulfate, and strategies aimed at reducing enzymatic shedding are

conceptually attractive[41-44]. The evidentiary problem is context. Much of the
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supporting work comes from diabetes, sepsis, non-cerebral vascular injury, porcine or

rodent models, and endothelial cell systems. Acute post-MT stroke differs in timing,

bleeding risk, BBB vulnerability, concomitant antithrombotic exposure, and infarct

biology. These therapies should therefore be described as conceptual, preclinical,

cross-disease, or trial-enabling candidates, not as ready for routine clinical use in acute

stroke.

Trial-enabling risk stratification

The near-term translational priority is not to give a glycocalyx-directed drug to every

successfully recanalized patient. It is to identify the subgroup with imaging-defined

incomplete microvascular reperfusion and, within that subgroup, to determine whether

cardiometabolic vulnerability marks a higher-risk target-organ injury phenotype.

Candidate tools include digital subtraction angiography parametric color coding

(DSA-PCC), computed tomography perfusion (CTP), magnetic resonance perfusion

(MRP), arterial spin labeling (ASL), BBB permeability imaging, BOLD-CVR, early

FIV, infarct growth, edema, and HT[31-34]. A rational trial would first define a high-risk

post-thrombectomy reperfusion state, then test whether targeted microcirculatory

rescue or endothelial-surface stabilization improves mechanistic imaging endpoints and,

secondarily, clinical outcomes.

Table 3. Imaging and tissue endpoints for future studies.

Imaging

or tissue

endpoint

Measurement

window

Biological

meaning

Advantages Limitations Recommen

ded future

use

DSA-PC

C

Immediately

post-recanaliza

tion.

Angio-suit

e flow

delay and

parametric

Available

during the

procedure;

time-sensitive

Requires

standardizati

on,

validation,

Candidate

primary

imaging

endpoint for
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Imaging

or tissue

endpoint

Measurement

window

Biological

meaning

Advantages Limitations Recommen

ded future

use

hemodyna

mic state.

. and software

harmonizati

on.

immediate

IMR.

CTP Early post-MT,

ideally within

1-6 h and/or up

to 72 h.

Parenchy

mal

hypoperfu

sion,

hyperperfu

sion, and

perfusion

delay.

Clinically

familiar and

accessible.

Protocol

heterogeneit

y; thresholds

vary;

delayed

scans may

miss

transient

states.

Integrate

with

biomarkers

and 24 h

tissue

outcome.

MRP Early post-MT

when feasible.

Parenchy

mal

perfusion

and transit

delay.

Rich tissue

characterizati

on when

paired with

DWI/FLAIR.

Logistical

barriers in

unstable

patients;

protocol

variability.

Use in

mechanistic

cohorts with

MRI

availability.

ASL Early post-MT

and follow-up.

Noncontra

st cerebral

blood flow

and

arterial

transit

effects.

Avoids

contrast;

repeatable.

Sensitive to

transit

artifacts and

acquisition

variability.

Use for

serial

perfusion

trajectories.
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Imaging

or tissue

endpoint

Measurement

window

Biological

meaning

Advantages Limitations Recommen

ded future

use

BBB

permeabil

ity

imaging

Early post-MT

and 24 h when

feasible.

Barrier

leakage

and

edema/HT

risk.

Mechanistical

ly close to

endothelial

injury.

Limited

availability;

contrast and

protocol

issues.

Use in

selected

mechanistic

cohorts.

BOLD-C

VR

Early or

subacute

post-EVT

when feasible.

Vasomoto

r reserve

and steal

physiolog

y.

Captures

autoregulator

y

dysfunction.

Less

available

acutely; not

specific to

glycocalyx

injury.

Use as

supportive

hemodynam

ic endpoint.

FIV and

infarct

growth

Follow-up

CT/MRI,

typically 12-96

h; 24 h

preferred for

early trials.

Tissue

injury

expansion.

Closer to

mechanism

than 90-day

mRS.

Downstream

and

multifactoria

l.

Use as

secondary

mechanistic

endpoint.

Edema,

HT,

symptom

atic

intracrani

al

hemorrha

ge (sICH)

Follow-up

CT/MRI,

typically 12-96

h.

Barrier

failure,

mass

effect, and

safety

state.

Clinically

important and

safety-releva

nt.

Multifactori

al; affected

by infarct

size and

antithrombot

ics.

Use as

safety and

barrier-relat

ed

endpoints.
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Imaging

or tissue

endpoint

Measurement

window

Biological

meaning

Advantages Limitations Recommen

ded future

use

NIHSS

change

24 h, 7 days,

discharge.

Early

neurologic

al

response.

Clinically

meaningful

and

temporally

closer than

90-day mRS.

Affected by

eloquence,

sedation,

complication

s, and

edema.

Use as

clinical

secondary

endpoint.

90-day

mRS

90 days. Patient-lev

el

functional

outcome.

Standard

stroke

efficacy

endpoint.

Affected by

age,

premorbid

status,

rehabilitatio

n, infection,

and systemic

complication

s.

Use as

clinical

endpoint,

not sole

mechanistic

endpoint.

RESEARCH AGENDA

The next phase should move from broad plausibility to designs that can support, refine,

or reject the hypothesis. Five priorities follow. First, the target state must be named

precisely: no-reflow, IMR, persistent hypoperfusion, hyperperfusion, BBB leakage,

edema, FIV growth, and futile recanalization are related but not interchangeable.

Second, biomarker sampling should be serial and, whenever feasible,

compartment-specific. Third, imaging and biomarker measurements need to be close

enough in time to test temporal ordering. Fourth, analyses should examine mediation

rather than simple association. Fifth, cardiometabolic vulnerability should be measured
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explicitly so that diabetes, hyperglycemia, hypertension, dyslipidemia, renal

dysfunction, and systemic inflammation can be tested as modifiers of glycocalyx injury

and cerebral target-organ damage. Candidate soluble biomarkers for future studies are

summarized in Supplementary Table 1.

Box 1. Proposed prospective cohort to test the glycocalyx hypothesis after MT.

Population: Adults with anterior-circulation LVO treated with MT who achieve

near-complete or complete angiographic reperfusion, preferably mTICI/eTICI 2c-3,

with prespecified sensitivity analyses restricted to eTICI 3. Baseline cardiometabolic

phenotype should be recorded, including diabetes status, admission glucose, HbA1c if

available, hypertension, dyslipidemia, renal function, systemic inflammation, and other

target-organ damage indicators.

Sampling: Pre-MT peripheral venous blood; local arterial sampling proximal and/or

distal to the occlusion if feasible; immediate post-recanalization; 1-6 h; 24 h; 72 h; and

7 days.

Biomarkers: Syndecan-1, heparan sulfate, hyaluronan, thrombomodulin, von

Willebrand factor, matrix metalloproteinase-9 (MMP-9), C3a/C5a, cytokines,

endothelial activation markers, coagulation-fibrinolysis markers, glucose, HbA1c when

available, lipid profile, creatinine/eGFR, and inflammatory indices.

Imaging: DSA-PCC, early CTP/MRP/ASL, BBB permeability imaging when feasible,

24 h FIV, edema, and HT.

Primary mechanistic endpoint: Imaging-defined incomplete microvascular

reperfusion, operationalized before study initiation. The definition should be

prespecified according to the selected modality, such as DSA-PCC delay metrics,
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CTP-defined persistent hypoperfusion, ASL-derived flow abnormality, or combined

perfusion-barrier criteria.

Clinical endpoints: Early neurological improvement, 24-h National Institutes of

Health Stroke Scale (NIHSS) change, 7-day NIHSS, discharge NIHSS, and 90-day

mRS.

Analysis: Mediation pathway from glycocalyx-marker dynamics to imaging-defined

IMR to tissue injury expansion and clinical outcome, with prespecified adjustment for

core volume, collateral status, procedural variables, systemic inflammation,

cardiometabolic risk factors, renal function, and treatment exposures. Interaction

analyses should test whether metabolic vulnerability modifies the relationship between

glycocalyx-marker dynamics and cerebral target-organ injury.

Limitations: Observational design, biomarker nonspecificity, sampling feasibility,

timing mismatch, confounding, and absence of direct in vivo cerebral glycocalyx

imaging.

LIMITATIONS OF THE GLYCOCALYX HYPOTHESIS

The glycocalyx hypothesis is appealing because it brings several luminal,

thromboinflammatory, hemodynamic, and barrier-related processes into the same field

of view. Five limitations define how far the argument can currently be taken.

First, cerebral microvascular glycocalyx disruption has not been directly visualized in

patients immediately after MT. Much of the mechanistic confidence comes from

animal models, ex vivo systems, non-cerebral vascular beds, or indirect human

biomarker studies.
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Second, peripheral syndecan-1, heparan sulfate, and hyaluronan cannot be assumed to

represent the real-time cerebral microvascular glycocalyx. They are nonspecific,

affected by systemic endothelial injury and clearance pathways, and sensitive to

sampling time and treatment exposures.

Third, the temporal relationship between imaging-defined IMR or no-reflow and

glycocalyx shedding has not been rigorously established. Without synchronized

biomarker and imaging acquisition, cause, consequence, and shared response to severe

ischemia-reperfusion injury are difficult to separate.

Fourth, pericyte contraction, distal embolization, microthrombosis, inflammation,

complement activation, BBB injury, edema, and host vulnerability may occur upstream

of, downstream of, in parallel with, or independently from glycocalyx injury. A

network model is therefore more credible than a single-cause model.

Fifth, candidate glycocalyx-protective therapies are supported mainly by non-brain,

non-MT, preclinical, diabetes, sepsis, or other vascular-injury evidence. Acute post-MT

stroke introduces bleeding risk, BBB vulnerability, antithrombotic exposure, and a

narrow therapeutic window that may change safety and efficacy. In addition,

cardiometabolic risk factors may act as confounders, effect modifiers, or causal

background conditions rather than simple covariates. These limitations do not weaken

the rationale for study; they define the experiments and clinical designs that are needed.

CONCLUSION

Endothelial glycocalyx injury offers a plausible way to think about why an opened

artery may still fail to deliver effective microvascular reperfusion. Its strength as a

hypothesis is anatomical and biological: it sits at the blood-facing surface where shear

stress, inflammation, coagulation, platelet and leukocyte interaction, endothelial
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signaling, BBB stability, and metabolic vulnerability intersect. In this sense, the

cerebral glycocalyx may be a translational interface between cardiometabolic stress and

acute cerebral target-organ damage after reperfusion therapy.

The glycocalyx should therefore not be described as the established central cause of

no-reflow or futile recanalization after MT. Peripheral syndecan-1 and related shedding

markers provide indirect, nonspecific signals; post-EVT microcirculatory rescue trials

show that the downstream circulation may be treatable, but they do not show that

glycocalyx repair is the operative mechanism. The most productive next step is serial,

compartment-specific biomarker research integrated with peri-procedural perfusion and

barrier imaging.

If glycocalyx-marker dynamics are shown to track imaging-defined microvascular

reperfusion failure and mediate subsequent tissue injury expansion, the hypothesis

could support patient stratification and trial design. Until then, its immediate value for

translational and neurointerventional practice is more practical than therapeutic: it

sharpens attention to patients who remain biologically at risk despite angiographic

success, particularly when cardiometabolic vulnerability may have already

compromised the endothelial surface before MT.
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