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Abstract
Background  Perturbation of vascular barrier permeability is a central mechanism in the pathophysiology of critical 
illness, contributing to tissue edema, impaired oxygen diffusion, and organ dysfunction. Despite advances in the field, 
direct bedside assessment of vascular permeability remains unavailable. Current approaches rely on indirect and 
compartment-specific surrogates, raising important questions about what is actually being measured.

Main body  This narrative review summarizes the physiological principles underlying vascular barrier function 
and its disruption in conditions such as sepsis, acute respiratory distress syndrome, and major surgery. Currently 
available bedside tools used to assess vascular permeability or its consequences are critically appraised, including 
clinical examination, ultrasonography, transpulmonary thermodilution, bioelectrical impedance analysis, circulating 
biomarkers of endothelial injury (e.g., glycocalyx degradation products, angiopoietin-2), and albumin kinetics–based 
methods. While these techniques provide valuable insights, they predominantly reflect downstream consequences 
such as tissue edema, intravascular volume shifts, or endothelial activation rather than permeability itself. In addition, 
vascular permeability is a dynamic, context-dependent, and organ-specific process influenced by inflammatory, 
hemodynamic, and therapeutic factors, further complicating its interpretation. Each method therefore captures only a 
partial dimension of vascular barrier dysfunction, with important limitations related to specificity, feasibility, validation 
and standardization.

Conclusions  No single bedside tool currently provides a comprehensive assessment of vascular permeability in 
critically ill patients. A multimodal approach integrating clinical evaluation, imaging, hemodynamic monitoring, and 
biomarkers is required to better characterize vascular barrier dysfunction. Future research should focus on validating 
composite indices and developing reliable, real-time bedside tools capable of directly assessing vascular permeability, 
with the ultimate goal of improving risk stratification and guiding personalized therapeutic strategies.
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​​Introduction
The cardiovascular system maintains homeostasis by 
ensuring tissue perfusion, oxygen delivery, and metabolic 
exchange. While the macrocirculation regulates blood 
flow and perfusion pressure, the microcirculation enables 
exchanges between blood and tissues through a tightly 
regulated vascular barrier composed of the glycocalyx, 
endothelial cells, intercellular junctions, and basement 
membrane [1, 2].

The main reasons for intensive care unit (ICU) admis-
sion, i.e.sepsis, acute respiratory distress syndrome, 
trauma, ischemia–reperfusion injury, or major sur-
gery often feature increased vascular permeability [2, 
3]. Inflammatory and hemodynamic insults activate the 
endothelium, degrade the glycocalyx, and may disrupt 
intercellular junctions, leading to protein-rich plasma 
leakage into tissues. The resulting edema hinders oxygen 
diffusion, disrupts metabolism, and contributes to organ 
failure, a process often referred to as capillary leak syn-
drome (CLS) [4].

Despite major advances in our understanding of fluid 
exchange, bedside assessment of vascular permeability 
remains challenging. No validated tool directly mea-
sures permeability in humans, and current approaches 
rely on indirect indicators such as edema, plasma vol-
ume changes, and circulating biomarkers. Moreover, 
fluid shifts vary across organs and clinical conditions, 
and classical models such as the Starling principle only 
partially explain these phenomena in critical illness [5]. 
Vascular permeability should therefore be considered a 
dynamic and multidimensional process requiring inte-
gration of clinical examination, imaging, hemodynamics, 
biomarkers, and emerging technologies.

In this narrative review, we aimed to (i) summarize the 
key physiological principles underlying vascular barrier 
permeability in normal conditions and disease (except 
brain edema and blood–brain barrier permeability), (ii) 
appraise currently available bedside tools used to assess 
vascular permeability or its consequences in critically ill 
patients, and (iii) discuss the strengths, limitations, and 
clinical relevance of a multimodal assessment strategy.

Methods
This narrative review is based on a structured search of 
the PubMed/MEDLINE database. This approach does 
not constitute a formal systematic review, but aims to 
provide transparent and reproducible overview of the 
literature. MeSH terms and free-text combinations 
including “vascular permeability”, “endothelial barrier”, 
“capillary leak”, “glycocalyx”, “critical illness”, “intensive 
care”, “sepsis”, and related expressions were used to iden-
tify relevant human and experimental studies published 
between January 2000 and March 2026, complemented 

by selected landmark articles from earlier decades. Refer-
ence lists of key papers and prior reviews were screened 
to capture additional publications. Studies were selected 
based to their relevance to mechanisms of vascular bar-
rier injury, available bedside assessment techniques and 
implications for fluid management.

Vascular barrier permeability: from physiology to 
pathology
Defining “vascular permeability” is challenging because 
the term encompasses both the biophysical properties of 
the endothelial barrier and their clinical consequences. 
Strictly, permeability is determined by hydraulic con-
ductivity (Lp) and the reflection coefficient (σ) within the 
revised Starling framework [5, 6]. However, no universal 
clinical definition exists, and these parameters cannot be 
measured directly at the bedside. Consequently, vascular 
permeability is often used clinically as an “umbrella term” 
describing the processes governing transvascular and 
trans-endothelial fluid exchange and their consequences.

Trans-endothelial flux
Under physiological conditions, endothelial integrity 
is tightly regulated. Of note, vascular permeability var-
ies across organs (Fig.  1). Trans-endothelial fluid and 
solute flux is determined by the interaction between 
barrier properties and Starling forces; in the revised Star-
ling model, the glycocalyx and protein-poor subglyco-
calyx space form the main oncotic barrier, with minimal 
steady-state capillary reabsorption and most filtered fluid 
returning via the lymphatic system [5, 7]. Accordingly, 
increased vascular permeability reflects changes in Lp 
and/or the σ that enhance transcapillary flux for a given 
pressure gradient.

Inflammatory conditions and increased permeability
Under normal conditions, vascular permeability to large 
molecules (> 60-70 kDa) is limited, reflecting tight inter-
cellular junctions, an intact glycocalyx and a relatively 
high σ for plasma proteins. Inflammatory mediators, 
ischemia–reperfusion injury and mechanical stress can 
profoundly alter this balance, with increases in Lp and 
reductions in σ that facilitate the passage of protein-rich 
fluid into the interstitium. The principal mechanisms 
underlying this enhanced permeability are the altera-
tions in hydrostatic pressures, shedding of endothelial 
glycocalyx components, disassembly of adherens and 
tight junctions, and ultimately, cytoskeletal contraction 
with formation of inter-endothelial gaps. These structural 
changes convert a highly selective barrier into a more 
leaky interface, blunting the transcapillary oncotic gradi-
ent and predisposing to tissue edema when compensa-
tory mechanisms are exceeded [8, 9].
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Role of hydrostatic, oncotic and interstitial fluid pressures
Capillary hydrostatic pressure (Pc) is a central determi-
nant of transcapillary fluid exchange and lies between 
arteriolar (Pa) and venular (Pv) pressures. According 
to the Pappenheimer–Soto Rivera relationship, Pc is 
more sensitive to changes in Pv than Pa, making venous 
pressure a critical regulator of filtration in many vascu-
lar beds [10]. An increase in Pv raises Pc and therefore 
enhances fluid movement into the interstitium, especially 
when hydraulic conductivity (Lp) is high. Under nor-
mal endothelial conditions, this predominantly results 
in water flux that is limited by the colloid osmotic pres-
sure gradient and the barrier function of the glycocalyx, 
while the excess filtered fluid is removed by lymphatic 
drainage. When vascular permeability is increased—i.e. 
when Lp rises and the reflection coefficient for proteins 
(σ) falls—an elevation in Pc drives not only water but 
also protein-rich plasma across the endothelial surface 
layer. Thus, hydrostatic and oncotic pressures modulate 
the level of vascular barrier dysfunction but do not fully 
determine it [11].

In addition, interstitial fluid pressure (Pif ), normally 
around − 2 to − 3 mmHg, may decrease to − 7.5 to − 10 
mmHg during inflammation, thereby enhancing the 
suction effect of the interstitium and fluid filtration [12, 
13]. Interstitial forces also contribute, as inflammation-
induced reductions in interstitial pressure may further 
promote fluid extravasation.

Role of lymphatic flow
Beyond the endothelial barrier itself, lymphatic drain-
age is a key determinant of how changes in permeability 
translate into clinically apparent edema. When transcap-
illary filtration increases, lymph flow can rise by an order 
of magnitude and delay interstitial fluid accumulation, 

as described by Guyton’s concept of “interstitial wash-
down”, whereby increased lymph flow dilutes interstitial 
proteins and partially restores the oncotic gradient [14]. 
More recent models of capillary–lymphatic interaction 
confirm that filtration occurs along most of the capillary 
length and that effective lymphatic drainage is essential 
to maintain plasma–interstitial fluid balance. In inflam-
matory states, however, cytokine-induced changes in 
extracellular matrix composition, interstitial compliance 
and pressure, together with potential lymphatic dysfunc-
tion, may reduce this compensatory reserve, so that a 
given increase in Lp or fall in σ more readily results in 
tissue edema and organ dysfunction [15].

Organ-specific microvasculature
Organ-specific microvascular architecture critically 
determines baseline permeability and susceptibility to 
edema. Continuous capillaries (muscle/skin) limit mac-
romolecular flux, whereas fenestrated (kidney/endo-
crine) and sinusoidal (liver) beds permit greater protein 
and fluid passage. Under inflammatory or hemodynamic 
stress, these structural differences translate into dis-
tinct, organ-specific patterns of capillary leak (Fig. 1). 
The detailed discussion of phenomena occurring in each 
organ falls beyond the scope of this review.

The distribution and subsequent fate of administered 
fluids
After intravenous administration, crystalloids initially 
expand the plasma volume before rapidly redistribut-
ing across the capillary wall into the interstitial space, 
with most equilibration occurring within 30–40  min in 
healthy individuals [13, 16]. Under physiological condi-
tions, this extravasated fluid enters a rapidly exchanging 
interstitial compartment and is efficiently cleared by the 

Fig. 1A  Organ-specific microvascular architecture and context-dependent vascular permeability. Accordingly: (A) Organ-specific microvascular 
architectur
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Level 1 : Global clinical phenotype of fluid accumulation
Level 1 tools provide a rapid, widely available way to 
recognize the clinical phenotype of suspected capillary 
leak, but they remain nonspecific and do not discrimi-
nate increased vascular permeability from other causes of 
fluid accumulation.

Back to basics: clinical assessment
Clinically, the consequences of vascular hyperpermeabil-
ity are frequently observed in critically ill patients and 
are typically described as the Capillary Leak Syndrome 
(CLS). CLS is defined by the combination of generalized 
edema, positive fluid balance and weight gain despite 
hemodynamic instability, and relative hypovolemia [18]. 
Both the occurrence of CLS and a positive fluid balance 
in the ICU are associated with adverse outcomes [19]. 
However, positive fluid balance and edema formation are 
not specific for increased vascular permeability and may 
also reflect alternative mechanisms such as decreased 
oncotic pressure, excessive fluid administration in the 
setting of renal failure, or venous congestion. Moreover, 
bedside assessment of edema (most commonly through 
pitting edema grading or limb circumference measure-
ment) remains subjective, static, and insensitive to short-
term changes. While ICU bed scales provide continuous 
weight estimates, their accuracy and precision over days 
remain subject to measurement variability and con-
founding factors [20]. As such, clinical examination and 
body weight alone cannot reliably quantify fluid accumu-
lation and should be interpreted as an initial screening 
step within a broader multimodal evaluation.

Ultrasonography related techniquses
Bedside ultrasound has emerged as a rapid, reliable, and 
non-invasive technique that enables both functional and 

lymphatic system, which increases its flow in response to 
enhanced filtration and thereby limits edema formation 
while maintaining plasma volume and protein homeo-
stasis. During large-volume fluid administration, how-
ever, rising interstitial hydrostatic pressure progressively 
offsets the normal sub atmospheric interstitial pres-
sure, markedly increasing tissue compliance and allow-
ing excess fluid to accumulate in a slowly equilibrating 
interstitial compartment, often referred to as the “third 
space” [17]. In inflammatory states, fluid redistribution 
is governed by a different mechanism: cytokine-mediated 
disruption of fibroblast–matrix interactions generates 
a profoundly negative interstitial pressure that actively 
draws fluid from the vascular compartment into the 
interstitium, while concomitant impairment of intrinsic 
lymphatic pumping limits its return to the circulation. 
Consequently, the persistence of edema in critical illness 
is determined not only by increased vascular permeabil-
ity but also by the balance between interstitial pressure 
and lymphatic drainage, explaining how hypovolemia, 
hypoalbuminemia, and tissue edema can coexist despite 
ongoing fluid administration [12, 13].

How to assess vascular permeability at the 
bedside?
Bedside approaches are classified according to what they 
actually measure in relation to the vascular barrier, dis-
tinguishing three complementary distinct information 
levels: (i) the tools that describe the global clinical phe-
notype of fluid accumulation, (ii) the techniques that 
quantify fluid redistribution across compartments, and 
(iii) the methods that more directly explore endothelial 
barrier injury and macromolecular leakage. These vari-
ous techniques are detailed below and summarized in 
Table 1.

Fig. 1B  (B) Context-dependent vascular permeability
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structural assessment of multiple organs, particularly the 
skin and lungs, which are among the most affected by 
CLS and edema [21].

Lung ultrasound provides accurate bedside assessment 
of extravascular lung water (EVLW) in ICU patients 
through the visualization of B-lines, with strong correla-
tion to transpulmonary thermodilution measurements 
(r² = 0.68–0.92) [22, 23]. These vertical artifacts result 
from acoustic reverberations generated at the air–fluid 
interface between collapsed, fluid-filled, and aerated alve-
oli reflecting the presence of interstitial or alveolar edema 
[24]. B-line artifacts demonstrate high diagnostic accu-
racy as a marker of increased EVLW, with sensitivities 
and specificities exceeding 90% when compared to chest 
computed tomography or transpulmonary thermodilu-
tion [25].

In parallel, soft-tissue and subcutaneous ultrasound has 
recently emerged as a complementary method for evalu-
ating peripheral edema. It has long been used in the diag-
nosis and follow-up of chronic or inflammatory disorders 
involving the skin, such as systemic sclerosis or lymph-
edema [26, 27]. More recently, this approach had been 
evaluated in critically ill patients, grading subcutaneous 

edema on a four-point scale across seven body regions. 
Edema was most frequently observed in the abdominal 
wall and showed a clear dependence on gravitational dis-
tribution in this cohort [28]. To date, no evidence dem-
onstrates its superiority over clinical assessment using 
pitting edema grading.

Ultrasound can also characterize systemic venous con-
gestion. The Venous Excess Ultrasound Score (VExUS) 
combines inferior vena cava and abdominal venous 
Doppler patterns to grade venous hypertension and has 
been associated with fluid overload and acute kidney 
injury in ICU patients [29]. Because venous congestion 
may promote edema via increased venous and capillary 
hydrostatic pressure independently of endothelial perme-
ability, VExUS represents a useful complementary tool 
for assessing fluid overload.

Overall, ultrasonography provides valuable organ-spe-
cific information on fluid extravasation and redistribu-
tion. Ultrasound therefore quantifies the consequences 
of permeability changes and congestion, rather than 
capillary permeability itself, but remains a cornerstone 
of bedside assessment when integrated with clinical and 
hemodynamic data.

Fig. 2  Overview of methods available for assessing vascular permeability in critically ill patients. Schematic overview of bedside and advanced tech-
niques used to evaluate vascular barrier dysfunction, highlighting their complementary and compartment-specific contributions to the assessment of 
vascular permeability
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Level 2 – Quantification of fluid redistribution between 
compartments
Level 2 techniques add granularity by quantifying how 
and where fluid redistributes between compartments, yet 
they still mainly capture the consequences of barrier dys-
function and cannot, on their own, distinguish increased 
permeability from venous congestion or hypo-oncotic 
states. Although several of these techniques are relatively 
accessible, their bedside use remains limited outside aca-
demic centers (Tables 2 and 3).

Transpulmonary Thermodilution and Extravascular Lung 
Water
Transpulmonary thermodilution provides semi-invasive, 
multiparametric hemodynamic monitoring and enables 
estimation of EVLW. EVLW reflects the accumulation of 
fluid within the pulmonary interstitium and alveoli and is 
strongly associated with mortality in critically ill patients, 
irrespective of the presence of acute respiratory distress 
syndrome (ARDS) [30, 31].

The Pulmonary Vascular Permeability Index (PVPI) 
can help differentiate whether elevated EVLW (> 10 ml/
kg) is due to increased permeability, as indicated by a 
high PVPI value (> 3). PVPI is increased in patients with 
ARDS, compared with cardiogenic edema and pleural 
effusion with atelectasis patients [32]. Thus, in ARDS, 
a PVPI > 3 indicates a severe pulmonary endothelial 
injury with a likely increased pulmonary vascular bar-
rier permeability. Although PVPI reflects pulmonary 
microvascular permeability, its interpretation remains 
lung-specific and should not be extrapolated to systemic 
vascular leakage.

Bioelectric impedance analysis
Bioelectrical impedance analysis (BIA) is a non-invasive 
technique that estimates body fluid compartments based 
on tissue electrical conductivity. BIA provides measure-
ments of total body water (TBW), extracellular water 
(ECW), and intracellular water, allowing estimation of 
fluid overload [33]. More recent devices are also able to 
differentiate intravascular and extravascular fluid com-
partments, and can measure Kt/V during hemodialysis 
[33]. An ECW/TBW ratio ≥ 0.4 has been proposed as an 
indicator of fluid overload. In the ICU, an elevated ECW/
TBW ratio has been correlated with higher mortality 
and an increased incidence of organ dysfunction, includ-
ing the need for mechanical ventilation and acute kidney 
injury [34, 35]. Beyond changes in TBW and ECW, intra-
cellular water may progressively decrease during crys-
talloid resuscitation [36]. This intracellular dehydration, 
shifting water into the interstitial space, is not captured 
by most bedside “permeability” markers and supports 
interpreting BIA findings within a three-compartment 
framework [37].

BIA offers the advantages of simplicity, repeatability, 
and whole-body assessment. However, it does not dis-
tinguish between mechanisms of fluid accumulation and 
remains an indirect marker of vascular permeability. Its 
accuracy may also be affected by rapid fluid shifts, altered 
tissue composition, and patient positioning.

Insights from bronchoalveolar lavage fluid analysis
Analysis of bronchoalveolar lavage fluid (BALF) provides 
direct insight into the integrity of the alveolar–capillary 
barrier and remains a reference approach for characteriz-
ing pulmonary vascular permeability in ARDS. Elevated 
protein concentrations in BALF, increased BALF-to-
plasma protein ratios, and enrichment in inflammatory 
mediators reflect enhanced permeability of the alveolar–
capillary membrane and loss of barrier selectivity [38]. In 
addition, the cellular composition of BALF—particularly 
the presence of activated neutrophils and increased con-
centrations of pro-inflammatory cytokines such as IL-6 
and IL-8, although no validated clinical cut-off values 
exist—further indicates ongoing lung injury and amplifi-
cation of vascular barrier dysfunction [39].

Importantly, BALF assessment is inherently lung-
specific and invasive, requiring bronchoscopy and stan-
dardized conditions. Its use is therefore restricted to 
selected patients and research settings and does not allow 
dynamic bedside monitoring. As such, BALF analysis 
should be viewed as a complementary reference tool that 
informs pathophysiological understanding of pulmonary 
permeability rather than as a routine bedside assessment 
method.

Estimated plasma volume status
Estimated plasma volume status (ePVS) is derived from 
routine hemoglobin and hematocrit measurements 
using validated formulas (Table  2). Compared with iso-
tope-based reference methods, ePVS shows moderate to 
good correlation with measured plasma volume across 
different clinical settings [40]. Elevated ePVS has been 
associated with worse outcomes across multiple clinical 
settings [41, 42]. Serial changes in ePVS are more infor-
mative than isolated measurements, particularly during 
fluid administration or deresuscitation, as they reflect 
shifts in intravascular volume [43, 44]. Although ePVS is 
a simple, non-invasive, cost-effective tool, it remains an 
indirect marker influenced by hemodilution or hemocon-
centration, bleeding, hemolysis, and transfusion. Conse-
quently, it is better interpreted as a marker of congestion 
or global fluid accumulation than as a direct measure of 
vascular permeability.

Vascular leak index (VLI)
A novel index was recently proposed to assess vascular 
permeability in sepsis, termed the VLI, which is derived 
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from blood volume and hematocrit measurements 
(Table 2). Higher VLI values, reflecting greater fluid accu-
mulation, is associated with increased in-hospital mortal-
ity [45]. Despite its rationale, VLI remains sensitive to 
inaccuracies in fluid balance recording and hematocrit 
modifications. Moreover, changes in vascular tone, vaso-
pressor use, or red blood cell transfusion may influence 
its calculation. Consequently, VLI should be viewed as a 
prognostic index reflecting the global impact of vascular 
leak rather than as a direct measure of permeability.

Initial distribution volume of glucose (IDVG)
The IDVG is derived from the early decline in plasma 
glucose following a small intravenous glucose bolus and 
reflects the rapidly accessible extracellular fluid space 
during the first 3  min. Although increased IDVG has 
been reported in conditions associated with capillary 
leak, such as sepsis, burns, and major surgery, it remains 
an indirect and controversial measure. Accordingly, this 
parameter is best viewed as a marker of global fluid redis-
tribution rather than a direct measure of intravascular 
volume or vascular permeability [46, 47].

Hyperspectral imaging (HSI)
HSI is a noninvasive optical imaging technique that pro-
vides spatially resolved information on tissue oxygen-
ation, hemoglobin content, and tissue water index based 
on wavelength-specific light absorption and reflection. 
With a resolution of 5 nm, each pixel is analyzed across 
specific wavelengths with results expressed in an arbi-
trary scale from 0 to 100. Combined with machine learn-
ing algorithms, it can process and analyze different tissue 
types or changes.

In critically ill patients, HSI-derived indices have 
revealed patterns consistent with impaired microcircu-
lation and increased tissue water content in sepsis and 
major surgery [48–50]. However, HSI-derived parameters 
remain semi-quantitative and are expressed on arbitrary 
scales, with no validated clinical cut-off values. Impor-
tantly, HSI does not directly measure vascular permeabil-
ity, and increased tissue water index may reflect multiple 
mechanisms beyond vascular leakage. In addition, mea-
surements may be affected by several confounding fac-
tors, including skin properties and local hemodynamic 
conditions.

Venous congestion plethysmography
Venous congestion plethysmography is a noninvasive 
technique used to quantify microvascular fluid dynam-
ics, including capillary permeability and transvascular 
fluid exchange. It works by gradually inflating a limb cuff 
to sub-diastolic pressures, restricting venous return while 
maintaining arterial inflow. The resulting venous pooling 
increases limb volume, which is continuously measured. 

Once cuff pressure exceeds the venous pressure, capil-
lary filtration begins, reflected by a nonlinear rise in vol-
ume. The slope of this pressure-volume curve defines 
the microvascular filtration coefficient, a key indicator 
of capillary permeability [51]. While well established in 
cardiovascular research, its application in critical care 
remains limited. Further studies are required to deter-
mine its clinical relevance in ICU populations.

Level 3 - Endothelial barrier–oriented and macromolecular 
leakage approaches
Level 3 approaches, which assess endothelial injury, mac-
romolecular leakage, and microvascular alterations, most 
closely reflect the underlying mechanisms of vascular 
permeability.

 
Level 3 A – Structural endothelial and glycocalyx injury 
markers
Biomarkers of glycocalyx shedding  Several circulating 
biomarkers reflecting vascular barrier injury have been 
investigated, including glycocalyx degradation products, 
markers of intercellular junction disruption, and media-
tors of endothelial stability. The glycocalyx contributes to 
vascular barrier selectivity, and experimental studies sug-
gest that its degradation increases transvascular fluid and 
solute flux [5, 52, 53].

Elevated plasma concentrations of syndecan-1, gly-
cosaminoglycans, and hyaluronan have been reported 
in sepsis, trauma, and ischemia–reperfusion injury, with 
higher levels associated with disease severity and mortal-
ity [18, 54, 55]. Although glycocalyx damage contributes 
to vascular leak, particularly in sepsis [56–58], it is nei-
ther sufficient nor specific to explain increased perme-
ability. Vascular barrier dysfunction results from injury 
to multiple structural components, including intercellu-
lar junctions and the basement membrane, and glycoca-
lyx shedding alone should not be interpreted as a direct 
marker of permeability. In addition, glycocalyx turnover 
is a naturally occurring process that may be accelerated 
by a variety of stimuli, even relatively mild inflammatory 
stimuli.

Intercellular junctions’ disruption  Endothelial inter-
cellular junctions play a central role in maintaining barrier 
integrity. Vascular endothelial cadherin is the key trans-
membrane component of endothelial adherens junctions, 
exclusively expressed by endothelial cells across all vas-
cular beds [59]. Circulating soluble Vascular endothelial 
cadherin has emerged as a promising biomarker of vas-
cular stress and endothelial dysfunction in a broad range 
of inflammatory states, including sepsis, and has been 
associated with organ dysfunction and mortality [18, 60, 
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61]. Tight junction proteins have also been investigated as 
potential biomarkers of vascular barrier injury: elevated 
plasma concentrations of zonula occludens-1, occludin, 
zonulin, and claudin-5 have been described in patients 
with sepsis, with higher concentrations correlating with 
disease severity [62, 63]. Despite their mechanistic rel-
evance and promising results in animals, junctional bio-
markers have been inconsistently linked to quantitative 
measures of fluid accumulation or edema formation in 
humans. Technical limitations of current assays preclude 
their use as a routine biomarker.

Angiopoietins and the Tie2 axis  Among circulating 
biomarkers, angiopoietin-2 (Ang-2) has emerged as one 
of the most extensively studied surrogates of vascular 
barrier dysfunction. Ang-2 antagonizes the stabilizing 
effects of angiopoietin-1 on the Tie2 receptor, promoting 
endothelial activation, glycocalyx degradation and junc-
tional destabilization which have been linked to increased 
permeability in experimental models [64–67]. Elevated 
Ang-2 levels have been consistently associated with mor-
tality in sepsis, particularly when combined with coagu-
lopathy biomarkers and with worse outcomes in ARDS 
and after cardiopulmonary bypass [68–70].

Importantly, Ang-2 concentrations correlate with clini-
cal manifestations of vascular leak, including fluid accu-
mulation and organ dysfunction, making it a particularly 
attractive biomarker for risk stratification [18]. Despite 
the limited number of clinical studies, Ang-2 appears to 
be as a robust surrogate marker of vascular permeability. 
The Ang-1/Ang-2–Tie2 axis represents not only a prom-
ising biomarker pathway but also a potential therapeutic 
target in critical illness.

In summary, measurement of circulating biomarkers 
of vascular barrier injury are feasible bedside tools that 

may help identify patients at risk of increased permeabil-
ity. Their value lies primarily in serial assessment rather 
than isolated measurements. However, interpretation 
remains limited by uncertain thresholds, assay variability, 
biomarker kinetics, and limited endothelial specificity. 
Consequently, these markers are best viewed as indica-
tors of glycocalyx degradation and vascular stress rather 
than direct measures of vascular permeability, and their 
relationship with capillary leak in humans requires fur-
ther investigation.

 
Level 3B: Albumin and macromolecular leakage indices.
Radiolabeled albumin techniques  Albumin kinetics 
have long been used to explore vascular permeability, 
given albumin’s central role in maintaining oncotic pres-
sure and its restricted trans-endothelial passage under 
physiological conditions. Plasma volume measurement 
using radiolabeled albumin (¹²⁵I-labeled Albumin or 
⁹⁹mTc-labeled Albumin) has historically been regarded as 
the reference method for quantifying intravascular vol-
ume and albumin distribution [71]. The main limitation of 
radioisotope techniques in the ICU lies in their restricted 
availability and the logistical challenges of isotope prepa-
ration, which requires access to a nuclear medicine facil-
ity.

Even if non-labeled albumin could provide a simple 
and rapid method for estimating plasma volume in ICU 
patients (Table  2), it provides only moderate accuracy 
when compared with the reference ¹²⁵I-labeled albumin 
technique [72]. Notably, the standard isotope method 
itself may overestimate plasma volume in septic patients, 
as the usual correction factor for transcapillary albumin 

Table 3  Implementation of vascular permeability tools according to bedside availability, level of information, validation and cost
Routine
(available in many centers, easily repeatable, daily use, 
low to moderate cost)

Emerging
(expert centers, early clinical use, moderate to high 
cost)

Research
(expert centers, research-
grade techniques, high cost)

Level 1:
• Clinical assessment of edema and fluid balance
• Lung ultrasound (B-lines)
• Skin / subcutaneous ultrasound for peripheral edema

Level 2:
• Hyperspectral imaging
• Composite multimodal scores (clinical, US, limited 
biomarkers)
• BALF protein content and fluid-to-plasma protein 
ratios in ARDS

Level 2:
• Venous congestion 
plethysmography

Level 2:
• Standard labs for ePVS / VLI (Hb, Hct, routine chemistry)
• Bioelectrical impedance analysis (total / extracellular 
water)
• Transpulmonary thermodilution (EVLW, PVPI)

Level 3:
• Selected endothelial biomarkers (e.g. syndecan-1, 
angiopoetin-2)
• Simple albumin kinetics (non-radio-labelled PV, NAL)
• Handheld intravital videomicroscopy (including PBR)

Level 3:
• Extended endothelial bio-
marker panels
• Radio-labelled albumin PV 
and transcapillary escape rate

Practical availability of bedside tools used to assess vascular barrier dysfunction, categorized as routine, emerging or research techniques and mapped to three 
information levels: Level 1 (global clinical phenotype of fluid accumulation), Level 2 (quantification of fluid redistribution between compartments) and Level 3 
(endothelial barrier–focused and macromolecular leakage approaches)

ePVS: estimated plasma volume status, Hb: hemoglobin; Hct: hematocrit, PV: plasma volume, NAL: net albumin leakage, EVLW: extravascular lung water: PVPI: 
pulmonary vascular permeability index, PBR: perfused boundary region
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escape (2% in this study) is insufficient to account for the 
excessive leakage observed in sepsis.

More recently, a non-isotopic fluorescent technique 
has been developed to rapidly assess plasma volume and 
renal function using two labeled dextrans (150  kDa for 
PV and 5  kDa for glomerular filtration). However, this 
method has not yet been studied in critically ill patients 
[73].

Finally, the BVA-100 (Daxor, Oak Ridge, USA) is a 
semi-automated system that measures blood, plasma, 
and red cell volumes using radiolabeled albumin, provid-
ing a more accurate assessment of intravascular volume 
status [74]. Although early studies in sepsis have shown 
promising results, clinical evidence remains limited and 
further validation across diverse ICU populations is 
required [74].

Transcapillary escape rate of albumin (TER)  These 
techniques enable calculation of the TER of albumin, 
which quantifies the proportion of albumin leaving the 
vascular compartment per unit of time. An elevated TER 
indicates increased vascular permeability and is derived 
from the rate of decline in plasma albumin concentration 
over time (Table 2). TER is approximately around 5% per 
hour under basal conditions in healthy individuals and 
increases in acute inflammatory states. In septic shock, 
values of approximately 6–7%/h have been reported, 
whereas higher TER values have been described after 
major surgical trauma, including cardiac and abdomi-
nal surgery, where additional inflammatory and hemo-
dynamic factors may further accelerate albumin escape 
[75–77]. TER has several limitations, including variability 
across sampling protocols, sensitivity to plasma volume 

Fig. 3  Conceptual spectrum of vascular barrier injury and associated clinical consequences. This figure illustrates the conceptual continuum of vascular 
barrier injury across its different components and the resulting clinical implications. The examples of progression from low (Case N°1 / green radar plot) to 
severe vascular barrier injury (Case N°3 / red radar plot) corresponds to increasing endothelial dysfunction, fluid extravasation, and organ failure severity, 
translating into worse clinical outcomes. This framework is proposed as a hypothesis-generating conceptual tool and has not been prospectively vali-
dated. Abbreviations: BIA: Bioelectrical impedance analysis; NAL: Net Albumine Leakage; ePVS: estimated Plasma Volume Status, VLI: Vascular leak index, 
TVD: total vascular density, PVD: perfused vessel density, MFI: microvascular flow index, PBR: perfused boundary region
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changes, and assessment limited to intravascular albumin 
loss without accounting for lymphatic return. Addition-
ally, the requirement for radiolabeled albumin restricts 
bedside feasibility, although newer semiautomated 
devices may address this issue.

Net albumin leakage (NAL)  More recently, NAL has 
been proposed as a mass-balance approach integrating 
both albumin extravasation and lymphatic return. Derived 
from serial measurements of intravascular albumin mass 
(Table 2), NAL provides an indirect estimate of albumin 
accumulation within the interstitial compartment. In 
healthy individuals, NAL is expected to be close to zero, 
whereas positive values have been reported in conditions 
associated with increased vascular permeability, such as 
sepsis and major surgery [78–80].

NAL has the practical advantage of not requiring 
radiolabeled albumin and of explicitly accounting for 
lymphatic albumin return. It does not replace TER and 
should be interpreted as a complementary mass-balance 
index rather than a direct permeability coefficient. Its 
clinical application remains constrained by uncertainties 
in plasma volume estimation derived from blood vol-
ume equations validated in healthy individuals and the 
difficulty of defining baseline conditions in acute critical 
illness.

In summary, albumin-based techniques provide com-
plementary information on intravascular volume and 
albumin distribution. While plasma volume measure-
ments quantify the intravascular compartment, TER and 
NAL assess albumin movement across the vascular bar-
rier over time. Although these methods remain indirect 
and compartment-dependent measures of vascular per-
meability, they are more closely linked to barrier function 
than plasma volume alone. Among them, NAL appears 
relatively simple to implement and may have potential for 
future clinical application.

Level 3 C: Microcirculatory and endothelial surface layer 
assessments
Microcirculatory analysis with handheld videomicros-
copy  Handheld video microscopy (HVM) using side-
stream dark field and incident dark field imaging enables 
direct bedside visualization of the microcirculation, pro-
viding unique insights into tissue perfusion in critically 
ill patients [81]. Quantitative parameters such as total 
vessel density, perfused vessel density, and proportion of 
perfused vessels provide complementary structural and 
functional information about the capillary network, and 
can reveal microvascular flow heterogeneity and hemo-
dynamic incoherence [82]. Beyond perfusion assessment, 
HVM can indirectly identify leukocyte–endothelial inter-
actions and signs of fluid extravasation. Increased perivas-
cular spacing and image blurring may reflect interstitial 

edema [83], a downstream consequence of capillary leak 
that increases oxygen diffusion distances and compresses 
small vessels, thereby reducing perfused vessel density 
[84]. These alterations have been reported to improve 
during fluid deresuscitation, in parallel with the resolu-
tion of tissue edema and recruitment of the microcircula-
tion [85].

The perfused boundary region (PBR) is an intravital 
microscopy–derived index that estimates the depth of 
red blood cell penetration into the endothelial glycoca-
lyx, with higher PBR values indicating greater glycocalyx 
thinning or degradation [86]. Increased PBR values have 
been described in various critical illness settings. How-
ever, recent data in sepsis suggest that PBR alterations are 
inconsistently associated with microcirculatory impair-
ment as measured by classical consensus parameters, 
indicating that glycocalyx injury and microcirculatory 
flow abnormalities are related but not interchangeable 
phenomena [87]. PBR should therefore be interpreted as 
a marker of endothelial surface layer injury and one facet 
of endothelial dysfunction, rather than as a direct indica-
tor of vascular permeability.

Overall, level 3 techniques remain complex and often 
compartment-specific. Most are insufficiently validated 
for routine bedside use or are confined to research 
settings and specialized centers. These limitations 
support a multimodal approach that combines comple-
mentary methods rather than relying on a single tech-
nique (Table 3).

Figure 2 provides an overview of the multimodal 
parameters that may contribute to the development of an 
integrated vascular permeability scoring system.

Vascular permeability in clinical practice: current 
challenges and further considerations
This narrative review highlights that no single bedside 
technique can comprehensively assess vascular perme-
ability across different organs. Organ-specific differences 
in microvascular structure and interstitial compliance 
mean that similar increases in permeability may produce 
markedly different clinical consequences, particularly in 
the lung and kidney.

Although major advances have been made in under-
standing endothelial activation, glycocalyx injury, and 
capillary leak, translation into routine bedside monitor-
ing and targeted therapies remains limited. This reflects 
the lack of an accepted reference standard for vascu-
lar permeability, the compartment-specific nature of 
current techniques, and the inconsistent relationship 
between mechanistic markers and clinical outcomes. In 
particular, glycocalyx degradation correlates only mod-
estly with microcirculatory dysfunction or vascular leak, 
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and endothelial-targeted therapies have not consistently 
improved outcomes [89–92].

Current bedside tools measure only indirect conse-
quences of barrier dysfunction—including endothe-
lial injury, fluid redistribution, congestion, or tissue 
edema—rather than permeability itself. Biomarkers, 
laboratory-derived indices, and imaging each provide 
complementary but incomplete information and are 
influenced by systemic inflammation, organ function, 
and methodological variability [93–95]. In addition, the 
contribution of the lymphatic system remains largely 
unmeasured at the bedside [7, 13, 96].

Consequently, multimodal assessment is likely to pro-
vide greater clinical value than any single technique. 
Combining clinical examination, laboratory-derived indi-
ces, biomarkers, and bedside ultrasound may improve 
patient stratification and guide fluid stewardship while 
remaining integrated with conventional hemodynamic 
monitoring [18]. Rather than identifying a single “vas-
cular permeability monitor”, future work should focus 
on defining reproducible vascular barrier phenotypes 
that integrate endothelial injury, fluid redistribution, 
congestion, and microcirculatory dysfunction. Such a 
framework should also propose a pragmatic strategy for 
bedside monitoring, including an initial baseline assess-
ment, reassessment of dynamic markers every 12–24  h, 
and additional evaluation following major therapeutic 
interventions or clinical deterioration. Defining clinically 
meaningful temporal changes that should trigger reas-
sessment and outlining how these findings could inform 
therapeutic decisions—including fluid stewardship, de-
resuscitation, and, when available, endothelial-targeted 
therapies—will be essential for translating vascular per-
meability assessment into routine critical care practice.

From a pragmatic standpoint (Table 3), bedside assess-
ment should be based on routine evaluation of edema 
and fluid balance, simple laboratory-derived indices (e.g. 
estimated plasma volume status or vascular leak index), 
and point-of-care lung and venous ultrasound, with reas-
sessment after major therapeutic interventions or clini-
cal deterioration. Grouping these tools into hierarchical 
levels highlights their complementarity: Level 1 methods 
provide accessible indicators of edema and congestion, 
whereas Level 2 techniques add biological and compart-
mental information that refines risk stratification. Such 
a multimodal strategy is more likely to improve fluid 
stewardship and deresuscitation than reliance on a single 
“vascular permeability monitor” and should complement, 
rather than replace, conventional hemodynamic assess-
ment. Likewise, hemodynamic incoherence—persistent 
microcirculatory dysfunction despite adequate macro-
circulation—represents a related but distinct monitoring 
target that may further inform resuscitation strategies 
[82].

Looking ahead, the greatest value of multimodal vascu-
lar permeability assessment may be in defining reproduc-
ible vascular barrier phenotypes rather than generating 
a single universal score (Fig. 33). By integrating markers 
of endothelial activation, glycocalyx injury, fluid redis-
tribution, congestion, and microcirculatory dysfunction, 
patients could be classified along a continuum from mild 
endothelial activation without overt leak [90, 97, 98], 
to moderate injury with junctional disruption, edema, 
and microcirculatory dysfunction [98, 99], and finally to 
severe capillary leak syndrome with refractory edema 
and multiple organ dysfunction [18]. Similar phenotype-
based approaches have successfully identified clinically 
meaningful sub phenotypes in ARDS and cardiogenic 
shock [100, 101]. Applying these strategies—potentially 
supported by machine learning—may enable earlier risk 
stratification and more individualized fluid, vasopressor, 
inotropic, and endothelial-targeted therapies. However, 
multimodal permeability scores still require external 
validation, and no study has yet demonstrated improved 
outcomes with permeability-guided resuscitation. Future 
research should therefore focus on validating vascular 
barrier phenotypes, developing practical real-time bed-
side tools, and testing phenotype-guided therapeutic 
strategies [99].

Conclusions
Vascular barrier permeability is a dynamic process cen-
tral to critical illness, yet no bedside reference standard 
currently exists for its assessment. Available techniques 
provide complementary but indirect information and are 
best interpreted within a multimodal framework inte-
grating clinical evaluation, imaging, laboratory-derived 
indices, and biomarkers. Future research should focus 
on standardizing measurement techniques, validating 
integrated assessment strategies, and leveraging artificial 
intelligence to define vascular barrier phenotypes and 
guide personalized therapy.
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