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Abstract

Background Microcirculatory dysfunction may persist despite restoration of conventional macrocirculatory targets
in sepsis, reflecting loss of hemodynamic coherence. This review synthesizes current microcirculatory monitoring
approaches according to the physiological information they provide and examines how complementary modalities
may be integrated to characterize persistent or regional tissue hypoperfusion.

Main body A narrative review of PubMed-indexed literature was conducted, with emphasis on bedside peripheral
perfusion assessment, tissue oxygenation and superficial perfusion imaging, direct microvascular visualization, and
organ- or tissue-specific monitoring. Recent studies were prioritized together with landmark methodological and
validation studies. Available techniques interrogate distinct but overlapping components of the circulation. Bedside
peripheral measures provide rapid information on skin reperfusion and vascular tone; spectroscopic and optical
techniques characterize tissue oxygenation, reactivity, and spatial perfusion heterogeneity; direct microvascular
imaging enables assessment of microvascular density and flow; and organ-specific approaches provide information
on renal, cerebral, or retinal perfusion and oxygenation. Discordance between these domains may persist despite
improvement in blood pressure or cardiac output, supporting serial multimodal rather than single-variable
interpretation. However, substantial heterogeneity in acquisition protocols, measurement sites, devices, analytical
methods, and proposed thresholds limits comparability and clinical implementation.

Conclusion Microcirculatory monitoring should currently be viewed as a complementary framework for identifying
persistent or heterogeneous tissue hypoperfusion beyond conventional macrocirculatory targets. Its integration

into individualized resuscitation remains promising but requires standardized methodology, external validation, and
prospective interventional evidence before any single modality or multimodal strategy can be adopted as a validated
resuscitation endpoint.
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Background

During sepsis, sustained activation of inflammatory
signaling pathways such as toll-like receptor 4/nuclear
factor kappa B (TLR4/NF-xB) promotes endothelial
inflammation. Destabilization of vascular endothelial
cadherin (VE-cadherin)—catenin adherens junctions,
endothelial glycocalyx degradation, and cytoskeletal
remodeling jointly impair endothelial barrier function
[1]. Multiple inflammatory mediators further promote
endothelial glycocalyx degradation and shedding [2, 3].
Together, these processes damage the vascular endothe-
lial barrier, leading to hypotension and tissue edema [4].
Other contributory mechanisms include impaired micro-
vascular vasomotor function and reactivity, endothelial
apoptosis, mitochondrial dysfunction, and microthrom-
bus formation associated with excessive platelet activa-
tion [5-8]. These structural and functional microvascular
abnormalities underlie the defining features of micro-
circulatory dysfunction: reduced functional capillary
density, heterogeneous blood flow, and impaired oxygen
extraction. They ultimately result in tissue hypoxia and
metabolic dysregulation and promote the development
and progression of multiple organ dysfunction syndrome
(MODS) [5, 7, 8]. Direct monitoring of the microcircu-
lation may therefore enable detection of the functional
consequences of these pathological changes and provide
complementary tissue-level information for individual-
ized physiological assessment.

Red blood cells (RBCs) are not merely oxygen carriers;
their rheological behavior also contributes to capillary
blood flow and tissue oxygen transport. RBC deform-
ability and aggregation are major cellular determinants
of blood rheology and microvascular flow. In sepsis, oxi-
dative stress, inflammatory mediators, disturbances in
intracellular Ca®* and ATP homeostasis, and alterations
in membrane and cytoskeletal properties may reduce
RBC deformability and increase aggregation, potentially
impairing capillary transit and contributing to hetero-
geneous microvascular oxygen delivery [9, 10]. Clinical
studies have demonstrated reduced RBC deformabil-
ity and increased aggregation early after ICU admission
in patients with sepsis [11]. Moutzouri et al. reported
greater impairment of deformability with increasing dis-
ease severity, whereas serial measurements in a subset
of patients paralleled clinical deterioration or improve-
ment [12]. Donadello et al. further showed that persis-
tent or progressive reductions in RBC deformability were
associated with poor outcome [13]. More recent explor-
atory data have also identified altered RBC morphology,
impaired deformability, and reduced membrane CD35
expression in sepsis [14]. These observations further illus-
trate that tissue oxygen transport depends not only on
macrocirculatory blood flow, but also on the availability
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of RBCs within the microcirculation and on their rheo-
logical properties, cellular integrity, and viability.

Consistent with this tissue-level perspective, the 2025
European Society of Intensive Care Medicine (ESICM)
guidelines define shock as life-threatening acute circula-
tory failure characterized by decreased tissue perfusion,
resulting in inadequate oxygen delivery and/or oxygen
utilization relative to cellular metabolic demands. Impor-
tantly, hypotension, although commonly present, is not
required to define shock [15].

Microcirculatory abnormalities may persist despite
apparently restored systemic hemodynamics, and persis-
tent impairment has been associated with organ failure
and mortality in septic shock [16, 17]. This loss of hemo-
dynamic coherence between the macrocirculation and
microcirculation is a recognized feature of sepsis and
septic shock.

Ince [17] first proposed that fluid resuscitation in
patients with sepsis should seek to maintain hemody-
namic coherence between the macrocirculation and
microcirculation, a concept now widely accepted. Fluid
resuscitation remains a cornerstone of sepsis man-
agement and aims to correct microcirculatory hypo-
perfusion and improve oxygen delivery. Even when
macrocirculatory variables improve after fluid resus-
citation, regional microvascular perfusion may remain
impaired [18]. The 2026 Surviving Sepsis Campaign
supports serial lactate assessment during resuscitation
while emphasizing frequent reassessment and individu-
alized fluid administration after the initial resuscitation
phase [19]. However, lactate is influenced by production,
clearance, hepatic function, adrenergic stimulation, and
mitochondrial metabolism and therefore cannot be inter-
preted as a direct measure of microcirculatory perfusion.

Against this background, this review summarizes
current peripheral, tissue-level, direct microvascular,
and organ-specific monitoring approaches and consid-
ers their complementary roles within the framework of
hemodynamic coherence.

This review was informed by a narrative PubMed
search prioritizing recent evidence together with land-
mark methodological and validation studies, as detailed
below.

Literature search strategy

A narrative literature search was conducted in PubMed
using combinations of controlled vocabulary and free-
text terms related to sepsis, septic shock, microcircu-
lation, tissue and peripheral perfusion, hemodynamic
coherence, and individual monitoring modalities. Tech-
nique-specific searches included capillary refill time,
peripheral perfusion index, mottling score, snuffbox
artery resistive index, laser Doppler flowmetry, near-
infrared spectroscopy, hyperspectral imaging, laser
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speckle contrast imaging, sidestream and incident dark-
field imaging, contrast-enhanced ultrasound, and optical
coherence tomography angiography. Additional targeted
searches included red blood cell/erythrocyte availabil-
ity, deformability, aggregation, rheology, hemorheology,
viability, eryptosis, and related functional-assessment
methods, as well as macro-to-microcirculatory coupling
and organ-specific perfusion monitoring. Recent evi-
dence was prioritized, while older landmark or method-
ologically important studies were retained when relevant.
Because this was a narrative review, no formal risk-of-
bias assessment or systematic study-selection procedure
was undertaken.

ChatGPT (OpenAl) was used to assist with English-
language editing and to improve the clarity, concision,
and organization of selected passages. All Al-assisted
content was critically reviewed, revised, and verified
by the authors, who take full responsibility for the final
manuscript.

Peripheral and tissue microcirculation monitoring

Capillary refill time

Capillary refill time (CRT) is among the simplest mea-
sures of peripheral perfusion. It is assessed by observ-
ing the time required for color to return after pressure
is applied to the fingertip, knee, or earlobe, thereby pro-
viding an indirect measure of skin microvascular reper-
fusion. A prolonged CRT, commonly > 3 s, suggests
impaired peripheral perfusion and has been associated
with adverse outcomes in sepsis [20-22]. Because CRT
is noninvasive, rapid, and requires no additional equip-
ment, it is particularly useful in emergency departments,
intensive care units (ICUs), and resource-limited set-
tings. Recent randomized trials have further explored the
use of peripheral perfusion targets within individualized
hemodynamic resuscitation. ANDROMEDA-SHOCK-2
used CRT normalization as the central perfusion target
within a multicomponent, phenotype-based algorithm
in which pulse pressure, diastolic arterial pressure, fluid
responsiveness, and bedside echocardiography were used
to characterize the underlying hemodynamic profile and
guide the selection of fluids, vasopressors, or inotropes.
These findings support the incorporation of CRT into
individualized bedside perfusion assessment, but should
not be interpreted as validating CRT alone as an inde-
pendent therapeutic target [23].

By contrast, TARTARE-2 S evaluated a targeted tissue
perfusion strategy incorporating several concurrent tar-
gets, including CRT, peripheral skin temperature, mot-
tling, arterial lactate, urine output, and a lower mean
arterial pressure (MAP) range, and found no significant
difference in the primary composite outcome or pre-
specified secondary outcomes compared with MAP-
guided standard care [24]. The two trials therefore should
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not be viewed as directly validating or invalidating CRT
itself, because both evaluated multicomponent treatment
strategies with substantially different treatment architec-
tures. Current evidence supports CRT as one component
of an individualized hemodynamic and tissue-perfusion
assessment framework, but does not establish CRT alone
as a sufficient basis for decisions regarding fluids, vasoac-
tive drugs, or other resuscitation therapies.

Another important role of CRT is the dynamic assess-
ment of treatment response. CRT responses vary mark-
edly among individuals after norepinephrine dose
escalation or an increase in MAP; improvement in car-
diac output does not necessarily shorten CRT [25]. Simi-
larly, CRT often improves after rapid fluid administration
in fluid-responsive patients, whereas responses to a vaso-
pressor test are highly heterogeneous in fluid-unrespon-
sive patients with chronic hypertension and septic shock
[26]. These findings suggest that serial CRT can provide
information on changes in peripheral perfusion following
a fluid challenge or vasopressor test and may help deter-
mine whether improvements in macrocirculatory hemo-
dynamics are accompanied by peripheral reperfusion.
Such responses should be interpreted within the broader
hemodynamic context rather than used in isolation to
mandate fluid administration, vasopressor adjustment, or
MAP escalation.

The principal limitation of CRT is its subjectivity.
Measurements are also influenced by ambient tempera-
ture, anatomical site, compression technique, and skin
condition, making standardized measurement and staff
training essential [21]. Objective approaches, including
automated CRT devices and laser Doppler monitoring of
skin blood flow, have therefore attracted increasing inter-
est [27, 28]. Skin blood-flow variables show some corre-
lation with changes in CRT and lactate, suggesting that
objective peripheral perfusion monitoring may comple-
ment CRT; however, its clinical value requires further
validation.

Perfusion index

The perfusion index (PI) is derived from the pulse oxim-
etry plethysmographic signal and is calculated as the
ratio of pulsatile to non-pulsatile components, providing
a continuous and noninvasive measure of peripheral per-
fusion. Compared with CRT, PI is objective, continuous,
and readily repeatable. Available studies indicate that a
low or persistently declining PI is associated with adverse
outcomes in sepsis [29, 30], and early changes across
multiple time points may better reflect disease progres-
sion and response to resuscitation than a single measure-
ment [30]. A 2026 meta-analysis of 22 studies involving
2,727 patients found that a reduced peripheral perfusion
index was associated with 28-day mortality (OR, 5.05;
95% CI, 3.65—6.98) and in-hospital mortality (OR, 4.56;
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95% CI, 3.32-6.26) [22]. Although these odds ratios were
numerically larger than those reported for prolonged
CRT and elevated mottling score, differences in popu-
lations, thresholds, and measurement timing preclude
direct conclusions regarding comparative discriminatory
performance.

Dynamic changes in PI may also assist in assessing fluid
responsiveness. During passive leg raising (PLR) or a fluid
challenge, changes in PI have shown some correlation
with changes in cardiac output or aortic velocity—time
integral [31-33]. Thus, API may reflect the peripheral
perfusion response to a short-term hemodynamic inter-
vention but should not be regarded as a surrogate for car-
diac output. Rasmy et al. reported that PI < 0.3 predicted
vasopressor requirement during early resuscitation [34].
A recent prospective cohort similarly associated PI < 0.3
with vasopressor use within 24 h [35]. Together, these
findings suggest that a low PI may help identify patients
with persistent peripheral hypoperfusion and a greater
likelihood of requiring vasopressor support. However,
this evidence is derived mainly from small, single-center
studies, and the generalizability of the proposed thresh-
olds requires validation in multicenter studies.

PI is affected by both systemic hemodynamics and
local conditions. Skin and ambient temperature, periph-
eral vascular disease, probe position, nail polish, ambi-
ent light, pain, and stress may all introduce measurement
error [36-42]. Moreover, the optimal PI threshold
remains uncertain. PI is therefore better interpreted as a
continuous trend than used as an independent treatment
trigger based on a single threshold, and should be consid-
ered alongside CRT, lactate, blood pressure, urine output,
and other clinical variables.

Mottling score
The mottling score has shown prognostic value for mor-
tality in sepsis [43, 44]. A 2026 meta-analysis of 22 stud-
ies involving 2,727 patients found that elevated mottling
scores were associated with both 28-day mortality (OR,
2.27; 95% CI, 1.79-2.87) and 14-day mortality (OR,
1.96; 95% CI, 1.32-2.91) [22]. However, heterogeneity in
assessment timing and scoring protocols currently pre-
cludes the use of a universal intervention threshold. In a
post hoc analysis of the SEPSISPAM trial, assignment to
a higher MAP target was not associated with higher lac-
tate concentrations or worse mottling scores [44].
However, the score is highly dependent on the asses-
sor and is susceptible to ambient light, temperature, skin
pigmentation, and other factors. Although attempts have
been made to standardize the assessment procedure,
substantial subjectivity limits its widespread clinical use.
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Snuffbox artery resistive index

At the anatomical snuftfbox, the radial artery lies super-
ficially, enabling Doppler acquisition with a small
insonation angle. The snuffbox artery resistive index
(SBRI) is calculated as (peak systolic velocity — end-dia-
stolic velocity)/peak systolic velocity and reflects local
downstream arterial impedance rather than capillary
perfusion directly. Ban et al. found a strong correlation
between RI and vascular resistance in an in vitro vessel-
phantom model incorporated into a mock circulation
system. In 15 postoperative cardiac-surgery patients,
SBRI correlated with SVRI, whereas no significant overall
correlations were observed for resistive indices measured
at the brachial artery or wrist radial artery [45]. These
findings should be regarded as proof-of-concept evidence
because of the small postoperative cohort and repeated
within-patient measurements.

In 44 patients with septic shock, Wang et al. found that
SBRI was higher in patients with < 20% reduction in lac-
tate at 6 h [46]. A cutoff of 1.09 yielded an AUC of 0.805,
with 68.8% sensitivity and 85.7% specificity, but this sin-
gle-center threshold was based on a surrogate endpoint
and has not been externally validated.

Qin et al. reported a mean SBRI estimate with a 95%
confidence interval of 0.72-0.75 in healthy volunteers
[47]. This interval reflects the precision of the estimated
group mean and should not be interpreted as an indi-
vidual reference interval or treatment threshold. ICU
patients had higher RI and lower end-diastolic velocity
than healthy volunteers, but snuffbox Doppler variables
did not differ significantly between patients with and
without shock. Lower end-diastolic velocity was asso-
ciated with 28-day mortality. SBRI should therefore be
regarded as an investigational measure of local periph-
eral arterial impedance and interpreted alongside CRT,
PI, lactate, vasoactive-drug exposure, temperature, and
macrocirculatory variables rather than used as an inde-
pendent resuscitation endpoint.

Red blood cell availability, viability, and functional
assessment

RBC availability can be considered at both systemic and
microcirculatory levels. Hemoglobin concentration,
hematocrit, and RBC count characterize the circulating
erythrocyte pool, whereas microvascular RBC distribu-
tion and transit can be further characterized by capillary
recruitment, RBC velocity, and local capillary hematocrit
[48]. Sepsis-related inflammatory and oxidative injury
may also alter RBC membrane integrity and functional
properties [10]. During septic-shock resuscitation, hemo-
globin concentration may decrease, with the volume of
intravenous fluid administered showing a weak asso-
ciation with this decline, consistent with a contribution
from hemodilution [49].
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Intrinsic RBC properties still require predominantly
ex vivo assessment. Ektacytometry can assess RBC
deformability [11, 14], whereas aggregation can be quan-
tified using complementary rheological methods [11].
Flow-cytometric approaches can characterize RBC
morphology and selected membrane alterations [14].
Sepsis-related RBC injury may also promote eryptosis
and premature erythrocyte clearance [10, 50]. Eryptosis-
related changes can be assessed ex vivo by flow-cytomet-
ric detection of phosphatidylserine exposure [50].

Emerging microfluidic and automated analytical plat-
forms can reduce sample requirements and character-
ize selected RBC mechanical or flow-related properties
ex vivo [51-53], but their clinical validation in sepsis
remains limited. In vivo microvascular imaging provides
complementary information on RBC behavior within the
intact microvascular network. Chalkias et al. quantified
sublingual RBC velocity using handheld vital microscopy
(HVM) and estimated microvascular wall shear stress
from vessel geometry and an assumed pressure difference
across the capillary [54]. Such measurements character-
ize RBC transit rather than intrinsic cellular properties
such as deformability or membrane mechanics.

Spectroscopic monitoring of tissue oxygenation and
perfusion

Near-infrared spectroscopy

Near-infrared spectroscopy (NIRS) exploits differences in
the absorption of near-infrared light by oxyhemoglobin
and deoxyhemoglobin to assess local tissue oxygenation
continuously and noninvasively. Key variables include
tissue oxygen saturation (StO,), oxyhemoglobin (HbO,),
and deoxyhemoglobin (HbR); some devices can also esti-
mate tissue water content. Unlike lactate, which reflects
systemic metabolic status, NIRS primarily characterizes
dynamic changes in local oxygen supply—demand bal-
ance and microvascular reactivity.

Studies of NIRS in septic shock show that reduced StO,
may coexist with increased tissue water content and that
tissue oxygenation variables do not always change in par-
allel with MAP, suggesting that improved macrocircula-
tory hemodynamics do not necessarily indicate recovery
of local tissue oxygenation [55, 56]. NIRS has also been
used to investigate tissue autoregulation and individual-
ized blood-pressure targets. Available studies suggest
that NIRS-derived indices may capture impaired cerebral
autoregulation during inflammation, and that the optimal
MAP (MAP,,) derived from cerebral and skeletal-mus-
cle measurements may differ [57, 58]. These findings fur-
ther suggest that perfusion requirements vary between
tissues and that a fixed MAP target may not be appropri-
ate for every patient or organ.

When combined with a vascular occlusion test (VOT),
NIRS can assess microvascular reactivity using variables
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such as the reoxygenation slope. In a preliminary study,
the NIRS-derived reoxygenation slope improved from
baseline after albumin administration but not after crys-
talloid administration; however, the between-group dif-
ference was not statistically significant [59]. The weak
agreement between NIRS and SDF variables suggests
that these techniques may assess different physiological
domains. NIRS is therefore most valuable for continu-
ous monitoring of local tissue oxygenation and functional
microvascular reactivity, rather than as a substitute
for direct microcirculatory imaging or an independent
resuscitation endpoint. Clinical translation remains lim-
ited by measurement site, tissue edema, subcutaneous
adiposity, and substantial device- and algorithm-depen-
dent variability. Importantly, the InSpectra StO, platform
(Hutchinson Technology) was reported as no longer
commercially available in 2021 [60]. Because absolute
values and dynamic responses may differ across NIRS
platforms, thresholds derived from historical studies can-
not necessarily be extrapolated to contemporary devices
[61]. These limitations, together with limited prospective
interventional validation, constrain the routine applica-
tion of peripheral NIRS in adult ICUs. Further valida-
tion using currently available platforms is required before
NIRS-derived variables can be incorporated reliably into
individualized fluid or blood-pressure management.

Hyperspectral imaging

Hyperspectral imaging (HSI) is a noncontact optical
imaging technique that acquires tissue reflectance spec-
tra across multiple wavelength bands to generate spatially
resolved information on tissue oxygenation, hemoglo-
bin distribution, tissue water content, and near-infrared
perfusion-related features. Unlike single-point measures
such as CRT and PI, HSI depicts the spatial heterogene-
ity of tissue oxygenation and perfusion. However, it does
not directly measure microvascular blood flow; instead, it
infers local oxygenation and perfusion from tissue spec-
tral characteristics.

Direct clinical evidence for HSI in sepsis remains
limited. Using hand HSI data from more than 400 ICU
patients, Seidlitz et al. [62] developed a deep-learning
model for identifying sepsis and predicting mortality
risk. Predictive performance improved when HSI was
combined with clinical variables, suggesting that HSI
may provide data for noninvasive optical phenotyping
and artificial intelligence (AI)-based risk stratification.
Animal studies further showed that HSI could capture
changes in tissue oxygenation and water content associ-
ated with shock, fluid resuscitation, and high-dose vaso-
active drugs [63]. A study in a trauma resuscitation room
provided preliminary evidence of feasibility in acute
and critical-care settings [64]. Kazune et al. [65] found
that higher mottling scores were associated with lower
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HSI-derived microcirculatory hemoglobin oxygen satu-
ration, although considerable overlap existed between
score categories. However, these translational findings do
not establish that HSI can guide resuscitation in sepsis.

Overall, HSI is currently better viewed as an emerging
technology for tissue spectral phenotyping and multi-
modal data acquisition than as a mature tool for guiding
resuscitation. Its clinical application is constrained by
limited direct evidence; inadequate standardization of
devices and algorithms; susceptibility to motion arti-
facts, skin characteristics, and environmental condi-
tions; and complex image-processing workflows. Future
studies should assess whether HSI can monitor dynamic
microcirculatory changes and treatment responses in
sepsis, and should explore its integration with conven-
tional perfusion measures, hemodynamic variables, and
Al models. Further device miniaturization and simplified
image-processing workflows may improve the feasibility
of mobile and bedside HSI.

Microcirculatory blood-flow imaging and direct
visualization

Laser doppler flowmetry

Laser Doppler flowmetry (LDF) uses Doppler fre-
quency shifts in light scattered by moving red blood
cells to provide continuous, noninvasive assessment of
local cutaneous microvascular flux/perfusion, gener-
ally expressed in relative perfusion units. In critically
ill patients, fingertip LDF-derived skin blood flow has
been closely associated with CRT and lactate but not
with cardiac output, supporting its potential to detect
peripheral perfusion abnormalities that are not cap-
tured by systemic hemodynamic variables [27]. In a
prospective cohort of patients with circulatory shock,
Mongkolpun et al. further showed that reduced finger-
tip skin blood flow and impaired vasodilatory response
to thermal challenge were associated with ICU mor-
tality, while serial measurements demonstrated the
feasibility of dynamic bedside assessment [66]. More
recently, changes in skin blood flow during passive leg
raising predicted the subsequent peripheral microvas-
cular response to volume expansion in patients with
sepsis [67]. Earlier proof-of-concept data also showed
increased laser-Doppler flow following fluid admin-
istration in stroke-volume responders [68]. However,
LDF samples a small, localized tissue volume and pro-
vides relative rather than absolute blood-flow mea-
surements; its results are influenced by measurement
site, temperature, motion, and probe positioning, lim-
iting assessment of spatial heterogeneity. It therefore
remains an adjunctive or research technique rather
than a validated independent resuscitation target.
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Laser speckle contrast imaging

Laser speckle contrast imaging (LSCI) is a noncontact
technique for imaging superficial blood flow. It quantifies
local perfusion by analyzing changes in the contrast of
dynamic speckle patterns generated when coherent laser
light illuminates tissue. Unlike single-point measures
such as CRT and PI, LSCI provides two-dimensional
spatial information that may help identify heterogeneity
in superficial tissue perfusion. Available evidence sug-
gests that LSCI variables can distinguish patients with
shock from healthy controls and may identify hypoper-
fusion not detected by conventional MAP or systolic
blood pressure measurements [69]. In sepsis and septic
shock, LSCI-derived perfusion variables have also shown
some prognostic value [70]. However, most studies are
single-center or exploratory, and LSCI predominantly
reflects superficial perfusion; its performance is affected
by limited penetration depth, motion artifacts, mea-
surement site, and lack of standardized image analysis.
LSCI is therefore more appropriate as a rapid, noncon-
tact method for assessing superficial perfusion than as an
independent resuscitation endpoint.

Sidestream dark-field imaging and incident dark-field
imaging

Sidestream dark-field imaging (SDF) and incident dark-
field imaging (IDF) enable direct visualization of sublin-
gual microvascular blood flow and quantification of total
vessel density (TVD), perfused vessel density (PVD),
proportion of perfused vessels (PPV), microvascular flow
index (MFI), and heterogeneity index (HI). Compared
with SDE, IDF systems have demonstrated improved
image-acquisition quality, including better focus and sta-
bility [71]. More recent analysis of full-frame high-reso-
lution IDF images using advanced computer-vision tools
has further improved capillary detection and quantitative
analysis [72].

Available studies suggest that sublingual microcircu-
latory variables such as PPV are associated with sepsis
severity and mortality risk, although findings regarding
their prognostic value are not consistent across studies
[73, 74]. This suggests that a single measurement or brief
monitoring window may not adequately capture dynamic
changes in the microcirculation or organ-level heteroge-
neity. Moreover, microvascular morphology, estimated
wall shear stress, and perfusion may remain abnormal
despite macrohemodynamic optimization [54]. These
findings are consistent with loss of hemodynamic coher-
ence in sepsis.

Dedicated sublingual videomicroscopy systems can
provide an indirect glycocalyx-related measure through
the perfused boundary region (PBR). In patients with
sepsis, PBR was increased, and PBR in the smallest cap-
illary diameter class was inversely correlated with TVD
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and PVD [75]. These findings suggest a possible relation-
ship between glycocalyx injury and microcirculatory
alterations, although the clinical interpretation of PBR
remains investigational.

Overall, SDF/IDF provide microvascular structural
and perfusion information that is unavailable from con-
ventional hemodynamic monitoring. The 2025 ESICM
guidelines acknowledge that visualization of the sublin-
gual microcirculation may reveal persistent perfusion
abnormalities after macrocirculatory-targeted resus-
citation, although evidence that its use improves clini-
cal outcomes remains insufficient [15]. However, HVM
remains limited by challenging image acquisition, oper-
ator dependence, motion and pressure artifacts, and
incomplete standardization of analysis. Automated HVM
analysis may reduce the burden of manual image inter-
pretation [76], while the recently introduced OxyCam
integrates image stabilization, automated analysis, and
microvascular RBC oxygen-saturation imaging. Its ini-
tial validation was preclinical, however, and its clinical
utility in patients with sepsis remains to be established
[77]. Despite these advances, HVM remains primarily
a research and adjunctive assessment tool rather than a
routine bedside resuscitation modality.

Organ-specific microcirculatory monitoring: from
peripheral perfusion to organ-specific assessment

Most bedside microcirculatory monitoring techniques
assess relatively accessible sites such as the skin, sublin-
gual mucosa, or skeletal muscle. However, sepsis-asso-
ciated organ dysfunction is heterogeneous, and organs
differ substantially in blood-flow regulation, capillary
density, oxygen-extraction capacity, and inflammatory
responses. Improved peripheral perfusion therefore does
not necessarily imply concurrent recovery of the renal,
cerebral, hepatic, or intestinal microcirculation [58, 78,
79]. Organ-specific microcirculatory monitoring aims
to characterize this regional heterogeneity and provide
physiological information beyond systemic and periph-
eral perfusion assessment.

Renal microcirculation: CEUS and renal cortical perfusion

The kidney is among the organs most commonly affected
in sepsis. Although urine output and serum creatinine
reflect changes in renal function, these changes are
often delayed and do not directly represent renal corti-
cal microcirculatory perfusion. Contrast-enhanced ultra-
sound (CEUS) uses microbubble contrast agents to assess
renal cortical perfusion dynamically, providing an organ-
specific monitoring approach for sepsis-associated acute
kidney injury (AKI). Evidence indicates that reduced
renal cortical perfusion in severe AKI can occur indepen-
dently of renal blood flow, cardiac output, and sublingual
microcirculatory changes [78], suggesting that neither
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systemic hemodynamic nor sublingual microcirculatory
variables fully represent renal microcirculation. Renal
CEUS may therefore identify inadequate renal cortical
perfusion despite apparently adequate macrocirculatory
variables and may provide complementary organ-specific
physiological information. However, CEUS is limited by
operator expertise, contrast-agent requirements, equip-
ment availability, and inability to provide continuous
monitoring. It is therefore currently more appropriate as
a research tool or adjunctive assessment in selected high-
risk patients.

Microcirculation in the brain and other tissues: NIRS and
OCTA

Cerebral and skeletal-muscle NIRS represent another
group of organ- or tissue-specific monitoring approaches.
Cerebral NIRS can continuously assess cerebral tissue
oxygenation and can use dynamic changes in oxyhemo-
globin and deoxyhemoglobin to explore cerebral auto-
regulation. A human endotoxemia model in healthy
volunteers showed changes in NIRS-derived dynamic
cerebral autoregulation despite the absence of detectable
changes with conventional TCD/arterial blood pressure—
based analysis in the same experimental setting [57].
However, this observation requires validation in patients
with sepsis-associated encephalopathy. Skeletal-muscle
NIRS is convenient and is often used as a window onto
peripheral tissue oxygenation and microvascular reactiv-
ity, allowing dynamic assessment of StO,, ReOx, DeOx,
and tissue water content. Studies in septic shock sug-
gest that reduced tissue oxygenation may coexist with
tissue edema [55, 56], while ICU pilot data indicate that
MAPopt estimates may differ between skeletal-muscle
and cerebral measurements [58]. A single MAP target or
a single monitoring site may therefore not fully represent
the perfusion requirements of multiple organs.

Retinal OCTA provides noninvasive, depth-resolved
visualization of retinal vascular plexuses and gener-
ates relative flow-related metrics rather than absolute
blood-flow measurements [80]. Evidence in human sep-
sis remains limited, with most data derived from ani-
mal shock models and ICU feasibility studies [80]. In
rodent models, retinal or choroidal flow-related indices
decreased during sepsis, whereas in hemorrhagic shock
they decreased during shock and showed an initial recov-
ery after resuscitation [81]. In an ovine hemorrhagic-
shock model, superficial retinal flow density decreased
during shock and recovered after fluid resuscitation [82].
Noncontact acquisition and layer-resolved images are
technically attractive, but the measurements are device-
and algorithm-dependent. Current acquisition remains
intermittent and is affected by eye movement, pupil
status, optical-media abnormalities, and segmentation
algorithms; OCTA should therefore be regarded as an
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Table 1 Overall comparison of microcirculatory monitoring techniques in sepsis
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Monitoring tech-  Principle Key Physiological Main advantages Main limitations Current clinical role
nique or measure variables domain
CRT Time to return of CRT (s) Peripheral skin Rapid, noninvasive, Subjective; affected by  Rapid bedside identi-
skin color after reperfusion and equipment-  temperature, compres- fication of peripheral
compression free; suitable for sion technique, and hypoperfusion and
resource-limited skin condition dynamic assess-
settings ment of response to
resuscitation
PI Ratio of pulsatile to PI, API Peripheral pulsa-  Continuous, Affected by skin tem-  Trend monitoring of
non-pulsatile com- tile perfusion objective, and perature, vascular tone, peripheral perfusion
ponents of the pulse readily integrated  probe position, and and adjunctive assess-
oximetry plethysmo- into monitoring motion artifacts ment during hemo-
graphic signal devices dynamic interventions
Mottling score Extent of violaceous ~ 0-5 score; Visible pe- Rapid, equipment- Subjective; affected by  Bedside risk stratifica-
skin mottling around  serial ripheral skin free, and prognos-  pigmentation, light, tion and serial periph-
the knee change hypoperfusion tically informative  and temperature eral assessment
Snuffbox artery Doppler ratio of sys-  SBRI, peak Local peripheral ~ Noninvasive; Operator-and angle-  Investigational
Doppler/SBRI tolic and end-diastolic  systolic arterial imped- superficial vessel;  dependent; affected adjunct for periph-
velocities velocity, ance orvascular  repeatable wave- by temperature and eral vascular-tone
end-diastol-  tone form acquisition vasoactive drugs assessment
ic velocity
NIRS Near-infrared absorp-  StO,, HbO,,  Local tissue Noninvasive and Affected by subcutane- Adjunctive/research
tion differences are HbR, THI, oxygenation, continuous; sup- ous adiposity, tissue assessment of tissue
used to assess tissue  ReOx, DeOx  oxygen supply—  ports functional edema, probe position, oxygenation and mi-
oxygenation demand balance, VOT and algorithms crovascular reactivity;
and microvascular individualized fluid or
reactivity MAP management re-
mains investigational
HSI Multiband reflectance  StO2, NIR Tissue oxygen- Noncontact, Complex devicesand  Emerging tissue
spectra are analyzed  perfusion, ation, water two-dimensional  algorithms; limited di-  spectral-phenotyping
to characterize tissue  THI, TWI, content, spatial mapping;  rect evidence in sepsis  technique and data
oxygenation and Al-derived  perfusion-related  suitable for Al source for Al-based
perfusion-related features spectral features,  analysis risk stratification
spectral features. and spatial
heterogeneity.
Laser Doppler Doppler frequency Cutaneous  Local superficial ~ Noninvasive; con-  Small sampling Research or adjunc-
flowmetry (LDF) shifts in coherent laser microvascu- — skin microvas- tinuous; sensitive  volume; relative flow tive bedside assess-
light scattered by lar flux/per-  cular RBC flux/ to dynamic local  units; affected by site, ~ ment of cutaneous
moving RBCs fusion units;  perfusion perfusion changes temperature, motion,  perfusion and reactiv-
response to and probe position; ity; not a validated
provocation limited spatial hetero-  independent resusci-
geneity assessment tation target
LSCl Speckle-contrast ROI diff, Superficial tis- Noncontact, rapid, Shallow penetration; Rapid assessment of
changes after coher-  ROL/diff, sue blood-flow two-dimensional  affected by motion superficial perfusion
ent laser illumination  LSCl-derived  perfusion imaging artifacts and analysis and exploratory prog-
are analyzed PI workflow nostic stratification
SDF/IDF Handheld in vivo TVD, PVD, Microvascular Closest to direct Operator-dependent;  Research tool and
microscopy directly FCD, PPV, density, propor-  observation of the  difficult acquisi- adjunctive advanced
visualizes sublingual ~ MFI, HI,De  tion perfused, microcirculation tion; insufficient ICU monitoring

microvascular blood
flow

Backer score,
RBCv, tRBCp

and flow
heterogeneity

standardization
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Table 1 (continued)
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Monitoring tech-  Principle Key Physiological Main advantages Main limitations Current clinical role
nique or measure variables domain
Renal CEUS Microbubble contrast  Wash-in, Renal cortical Organ-specific, Contrast and Research tool or
kinetics within the peakinten-  microvascular dynamic bedside  expertise required; adjunct in selected
renal cortex sity, timeto  perfusion imaging intermittent and high-risk patients
peak operator-dependent
Retinal OCTA Motion contrast from  Vessel Retinal microvas-  Noninvasive, Intermittent; motion, Investigational organ-
repeated optical density, cular structure depth-resolved, media, pupil, and seg-  specific imaging
coherence scans flow den- and relative flow- noncontact mentation dependent
sity, relative  related perfusion  imaging
flow-related
indices

Abbreviations: Al, artificial intelligence; CEUS, contrast-enhanced ultrasound; CRT, capillary refill time; DeOx, deoxygenation slope; FCD, functional capillary density;
HbO,, oxyhemoglobin; HbR, deoxyhemoglobin; Hi, heterogeneity index; HSI, hyperspectral imaging; ICU, intensive care unit; IDF, incident dark-field imaging; LDF,
laser Doppler flowmetry; LSCI, laser speckle contrast imaging; MAP, mean arterial pressure; MFI, microvascular flow index; NIR, near-infrared; NIRS, near-infrared
spectroscopy; OCTA, optical coherence tomography angiography; Pl, perfusion index; API, change in perfusion index; PPV, proportion of perfused vessels; PVD,
perfused vessel density; RBC, red blood cell; RBCy, red blood cell velocity; ReOx, reoxygenation slope; ROI, region of interest; SBRI, snuffbox artery resistive index;
SDF, sidestream dark-field imaging; StO,, tissue oxygen saturation; THI, tissue hemoglobin index; tRBCp, tissue red blood cell perfusion; TVD, total vessel density;

TWI, tissue water index; VOT, vascular occlusion test

investigational organ-specific imaging technique rather
than a continuous bedside monitor. Retinal OCTA has
not been validated as a surrogate for cerebral microcircu-
lation or as a resuscitation endpoint in sepsis.

Limitations of deep-organ microcirculatory monitoring
Compared with the kidney, brain, and skeletal muscle,
direct bedside monitoring of the hepatic, intestinal, and
pulmonary microcirculation remains more challeng-
ing. Intestinal microcirculatory dysfunction may impair
mucosal barrier integrity and facilitate bacterial trans-
location [83]. Hepatic and intestinal microcirculatory
abnormalities may persist despite apparently improved
systemic hemodynamics [79]. Pulmonary microvascular
dysfunction may contribute to sepsis-associated ALI/
ARDS through impaired capillary perfusion, endothelial
barrier disruption, and ventilation—perfusion mismatch
[84—-86]. Because these organs are deep, mobile, and
structurally complex, continuous, noninvasive, organ-
specific microcirculatory monitoring tools suitable for
widespread ICU use remain unavailable. Future research
should further investigate organ-specific monitoring
techniques and determine whether they can guide fluid
resuscitation, vasoactive therapy, and organ-protection
strategies.

The physiological domains, advantages, limitations,
and current clinical roles of the monitoring approaches
discussed above are summarized in Table 1.

Clinical integration and current limitations

The loss of hemodynamic coherence in sepsis means that
optimization of macrocirculatory variables cannot be
assumed to reflect restoration of tissue and microcircu-
latory perfusion. Over the past two decades, studies of
septic shock resuscitation have increasingly highlighted
the limitations of strategies centered on fixed, isolated

physiological targets, contributing to a shift from sin-
gle-target optimization toward more dynamic and indi-
vidualized physiological assessment [87]. Accordingly,
the value of microcirculatory monitoring should not be
viewed as identifying a new single variable to replace
conventional hemodynamic targets, but rather as provid-
ing complementary tissue-level physiological informa-
tion that cannot be fully captured by routine systemic
monitoring.

Similarly, different microcirculatory —monitoring
modalities should not be regarded simply as competing
or interchangeable techniques, because they interrogate
related but distinct physiological domains. In a small
observational study of nine patients, Zuccari et al. found
that SDF-derived PVD increased at 6 and 24 h and TVD
at 24 h, whereas NIRS-derived indices of tissue oxygen-
ation and microvascular reactivity showed no significant
changes over the same period [88]. Although the study
was limited by its small sample size and important con-
founding factors, the findings illustrate that microvas-
cular flow, tissue oxygenation, and vascular reactivity
may follow different recovery trajectories. Accordingly,
discordance between monitoring modalities should not
automatically be interpreted as measurement failure, but
may instead reflect temporal dissociation among differ-
ent physiological domains.

Similar heterogeneity may also occur across tissues
and organs. Although SDF/IDF imaging is among the
most extensively studied approaches for direct bedside
visualization of the sublingual microcirculation, micro-
circulatory responses across vascular beds are not neces-
sarily synchronous, and improvement in the sublingual
microcirculation cannot be assumed to indicate recov-
ery of perfusion in internal organs [78, 79]. Organ-spe-
cific approaches, including renal CEUS, cerebral NIRS,
and retinal OCTA, should therefore be considered
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complementary to peripheral or sublingual monitor-
ing rather than substitutes for them, as they provide
additional information on regional or organ-specific
physiology.

Nevertheless, a substantial gap remains between
obtaining richer physiological information and translat-
ing that information into clinically actionable decisions.
Most available technologies lack adequate validation
in large prospective interventional studies. Even SDF/
IDF imaging, despite being among the most extensively
studied methods for direct microcirculatory assessment,
remains constrained by technical complexity, incomplete
standardization, and uncertainty regarding the extent to
which local measurements represent systemic or organ-
specific perfusion.

Bedside clinical indices such as CRT and the perfu-
sion index are readily repeatable but provide relatively
nonspecific information on peripheral perfusion; LDF
provides continuous local assessment of cutaneous
microvascular flux but samples only a small tissue vol-
ume; whereas techniques such as NIRS, HVM, HSI, and
organ-specific imaging may provide tissue-oxygenation,
direct microvascular, spatially resolved, or organ-related
physiological information, with varying requirements for
equipment, operator expertise, availability, and continu-
ous monitoring. Accordingly, the principal bedside value
of these techniques currently lies in serial reassessment,
recognition of persistent or heterogeneous hypoperfu-
sion, and identification of discordance between systemic
hemodynamics and tissue-level perfusion, rather than in
the use of isolated threshold values to mandate treatment
escalation.

Randomized evidence in this field should be inter-
preted according to the intervention strategy actu-
ally tested. In trials of perfusion-guided resuscitation,
a monitored variable may be embedded within a multi-
component treatment algorithm, and the observed clini-
cal effects therefore cannot be attributed to that variable
alone [23, 24]. Trial results may additionally depend on
patient selection, timing of intervention, comparator
care, separation between treatment groups, protocol
adherence, and outcome definitions. Conversely, ran-
domized or trial-derived studies in which microcircula-
tory measurements are used primarily to characterize
physiological responses or to assess the feasibility of a
monitoring technology do not establish that the mea-
sured variable is an effective therapeutic target [44, 59,
64]. Accordingly, prognostic value, responsiveness to an
intervention, or incorporation into a resuscitation algo-
rithm should not be equated with evidence that treat-
ment decisions based on that marker alone will improve
patient outcomes.

The integration of these measures for selected clini-
cal questions is summarized in Table 2, and a conceptual

Page 10 of 15

framework for multimodal interpretation within hemo-
dynamic coherence is illustrated in Fig. 1.

Perspectives

Different peripheral perfusion measures provide partly
overlapping and partly complementary information, sup-
porting multimodal rather than single-variable interpre-
tation [89]. Future research should first strengthen the
standardization and clinical validation of microcircula-
tory monitoring techniques, including measurement
reproducibility, comparability across devices and acqui-
sition sites, and external validation of proposed param-
eters in multicenter populations. More importantly,
prospective interventional studies are needed to deter-
mine whether treatment adjustments based on these
signals—including fluid administration, vasopressor titra-
tion, or other hemodynamic interventions—can improve
organ function and patient-important outcomes rather
than merely normalize surrogate perfusion measures.
Future efforts should also move beyond the search for
optimal thresholds for individual modalities and inves-
tigate how complementary information from peripheral
perfusion, tissue oxygenation, direct microvascular imag-
ing, and organ-specific monitoring can be integrated to
characterize dynamic perfusion phenotypes across physi-
ological domains. Finally, wider clinical translation will
require technological advances that improve portability,
acquisition speed, operator independence, automated
analysis, and real-time bedside interpretability.

Conclusions

Sepsis-associated microcirculatory dysfunction can-
not be adequately characterized by macrocirculatory
variables or any single microcirculatory measure. Bed-
side clinical indices, tissue oxygenation methods, direct
microvascular imaging, and organ-specific techniques
interrogate different physiological dimensions and should
be interpreted as complementary. At present, their
strongest role is to identify persistent or regionally het-
erogeneous hypoperfusion and to support multimodal
phenotyping; none is sufficiently validated as a stand-
alone resuscitation endpoint. Standardized acquisition
and analysis, serial monitoring, external validation, and
prospective interventional studies are required before
microcirculatory data can be incorporated reliably into
individualized precision resuscitation.
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Table 2 Integrating microcirculatory monitoring for selected clinical questions
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Clinical question

Relevant measures or
techniques

Information provided

Clinical relevance

Key considerations

Early recognition
of hypoperfusion

Assessment of
response to fluid
resuscitation

Individualized
vasoactive therapy
and MAP targets

Identification of
loss of hemody-
namic coherence

Prognostic
stratification

Organ-specific
perfusion
assessment
Multimodal perfu-
sion assessment

CRT, PI, mottling score,
lactate

Dynamic CRT, Pl during PLR
or fluid challenge, LDF-
derived skin blood-flow
response, NIRS-VOT, and
serial lactate change

CRT response to a vasopres-
sor test, P, NIRS-derived
MAPOpt, SDF/IDF; SBRI as an
investigational adjunct
SDF/IDF, NIRS, CRT, PI, LDF,
LSCI, HSl

CRT, PI, mottling score, NIRS,
LSCI, SDF/IDF, HSI plus Al

Renal CEUS, cerebral NIRS,
skeletal-muscle NIRS, retinal
OCTA

Serial peripheral perfusion
measures, metabolic mark-
ers, and selected advanced
microcirculatory or organ-
specific techniques

Peripheral and systemic
evidence of hypoperfusion and
circulatory dysfunction

Changes in peripheral perfu-
sion, tissue oxygenation, and
oxygen supply-demand bal-
ance after fluid administration

Whether vasoactive therapy
improves the peripheral or
local microcirculation

Whether local perfusion abnor-
malities persist after MAP or CO
targets are achieved

Associations with mortality,
organ dysfunction, or vasopres-
sor requirement, depending on
the modality

Local kidney, brain, muscle,

and retinal perfusion or
oxygenation

Integrated assessment of perfu-
sion, oxygenation, metabolism,
and organ function

Rapid screening for shock risk in
emergency departments, ICUs, and
resource-limited settings

May help distinguish systemic fluid
responsiveness from the peripheral
or tissue perfusion response

Supports contextual interpreta-
tion of perfusion responses during
vasoactive therapy and exploration
of individualized MAP targets
Helps identify persistent tissue-
level hypoperfusion despite
apparently adequate systemic
hemodynamics

Supports identification of high-risk
patients

Provides organ-specific physiologi-
cal information beyond systemic or
peripheral measures

Potentially supports integrated
interpretation of perfusion status
across physiological domains

No single measure defines
tissue hypoperfusion

or the need for further
resuscitation; interpret in
clinical context.

Fluid responsiveness is not
equivalent to microcircula-
tory responsiveness; No
measure alone determines
the need for fluids
Optimal MAP may differ
by organ; SBRI'is not a
treatment target

Dynamic monitoring is re-
quired; a single measure-
ment has limited value

Most techniques still lack
validation against inter-
ventional outcomes

Peripheral or sublingual
microcirculation cannot
fully represent every organ
Requires standardized
data, external validation,
and clinical trials

Abbreviations: Al, artificial intelligence; CEUS, contrast-enhanced ultrasound; CO, cardiac output; CRT, capillary refill time; HSI, hyperspectral imaging; ICU, intensive
care unit; IDF, incident dark-field imaging; LDF, laser Doppler flowmetry; LSCI, laser speckle contrast imaging; MAPopt, optimal mean arterial pressure; NIRS, near-
infrared spectroscopy; OCTA, optical coherence tomography angiography; P, perfusion index; PLR, passive leg raising; SBRI, snuffbox artery resistive index; SDF,
sidestream dark-field imaging; VOT, vascular occlusion test
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Macrocirculatory and metabolic status

Preserved hemodynamic coherence]
Multimodal microcirculatory

MAP Macrocirculatory variables improve
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Micracirculation improves
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Vasopressor dose
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Lactate

A

Peripheral perfusion

Mottling
Score
SBRI

Loss of hemodynamic coherence

Tissue oxygenation
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perfusion

Direct microvascular
visualization

Macrocirculatory variables improve

|
=

. SDF

NIRS

. IDF

Organ-specific
microcirculation
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Potential Support for Precision Resuscitation

|
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Dynamlc reassessment Physiology-informed targets Organ-specific priorities
Iteratlve monitoring " Matching therapy
Context-specific goals

Fig. 1 Multimodal framework for microcirculatory perfusion monitoring in sepsis. The framework links conventional macrocirculatory and metabolic
assessment with four complementary monitoring domains: peripheral perfusion, tissue oxygenation and superficial perfusion, direct microvascular visu-
alization, and organ-specific microcirculation. When hemodynamic coherence is preserved, improvement in macrocirculatory variables is accompanied
by improvement in the microcirculation; when coherence is lost, microcirculatory abnormalities may persist despite apparent macrocirculatory restora-
tion. Serial multimodal assessment may therefore support physiology-informed interpretation and help characterize discordant perfusion phenotypes,
but the depicted modalities should not be interpreted as independently validated treatment targets or as a validated multimodal resuscitation endpoint.
MAP, mean arterial pressure; CO, cardiac output; CRT, capillary refill time; Pl, perfusion index; SBRI, snuffbox artery resistive index; NIRS, near-infrared spec-
troscopy; HSI, hyperspectral imaging; LDF, laser Doppler Flowmetry; LSCI, laser speckle contrast imaging; SDF, sidestream dark-field imaging; IDF, incident
dark-field imaging; CEUS, contrast-enhanced ultrasound; OCTA, optical coherence tomography angiography

Abbreviations HSI Hyperspectral imaging

Al Artificial intelligence HVM Handheld vital microscopy

AKI Acute kidney injury ICU Intensive care unit

ALl Acute lung injury IDF Incident dark-field imaging

ARDS Acute respiratory distress syndrome LDF Laser Doppler flowmetry

AUC Area under the receiver operating characteristic curve Lscl Laser speckle contrast imaging

CEUS Contrast-enhanced ultrasound MAP Mean arterial pressure

cl Confidence interval MAP o, Optimal mean arterial pressure

co Cardiac output MFI Microvascular flow index

CRT Capillary refill time MODS Multiple organ dysfunction syndrome
APl change in perfusion index NIR Near-infrared

DeOx Deoxygenation slope NIRS Near-infrared spectroscopy

HbO, Oxyhemoglobin NF-kB Nuclear factor kappa B

HbR Deoxyhemoglobin OCTA Optical coherence tomography angiography

HI Heterogeneity index OR Odds ratio
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PBR Perfused boundary region

Pl Perfusion index

PLR Passive leg raising

PPV Proportion of perfused vessels
PVD Perfused vessel density

RBC Red blood cell

ReOx Reoxygenation slope

RI Resistive index

ROI Region of interest

SBRI Snuffbox artery resistive index
SDF Sidestream dark-field imaging
StO, Tissue oxygen saturation

SVRI Systemic vascular resistance index
TCD/ABP Transcranial Doppler/arterial blood pressure

THI Tissue hemoglobin index

TLR4 Toll-like receptor 4

TVD Total vessel density

TWI Tissue water index
VE-cadherin  Vascular endothelial cadherin
VOT Vascular occlusion test
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