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Editor’s key points
† The authors propose a
new approach to diagnose
and manage shock.
† They suggest
consideration of each of:
blood flow, vascular
content, the vascular
barrier, and vascular tone.
† The promised advantages
include harmonized
approach across microand macro-vascular
disturbance.
† The authors caution that
their approach needs
prospective, clinical
testing.

Background. Despite many clinical trials and investigative efforts to determine appropriate
therapeutic intervention(s) for shock, this topic remains controversial. The use of i.v. fluid
has represented the cornerstone for the treatment of hypoperfusion for two centuries.
Methods. As a part of International Acute Dialysis Quality Initiative XII Fluids Workgroup
meeting, we sought to incorporate recent advances in our understanding of vascular biology
into a more comprehensive yet accessible approach to the patient with hypoperfusion. In this
workgroup, we attempted to develop a framework that incorporates key aspects of the
vasculature into a diagnostic approach.
Results. The four main components of our proposal involve the assessment of the blood flow (BF),
vascular content (vC), the vascular barrier (vB), and vascular tone (vT). Any significant perturbation
in any of these domains can lead to hypoperfusion at both the macro- and micro-circulatory level.
We have termed the BF, vC, vB, and vTdiagnostic approach the vascular component (VC) approach.
Conclusions. The VC approach to hypoperfusion has potential advantages to the current
diagnostic system. This approach also has the distinct advantage that it can be used to assess
the systemic, regional, and micro-vasculature, thereby harmonizing the approach to clinical
vascular diagnostics across these levels. The VC approach will need to be tested prospectively to
determine if this system can in fact improve outcomes in patients who suffer from hypoperfusion.
Keywords: blood volume; cardiac output; fluid management; fluids; micro-circulation;
resuscitation; vascular content; vascular integrity; vascular tone; volume
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The characterization of shock is fundamentally a cellular definition wherein the oxygen requirements of parenchymal cells to
sustain respiration needed to produce ATPare exceeded by that
being delivered by the circulation.1 Hypovolaemia is one type of
shock where this can occur and is described by the condition
where there is inadequate tissue perfusion as a consequence
of reduced vascular content (vC). It can occur because of the
systemic loss of volume such as in haemorrhagic shock but
also to a defect of a normal or even elevated cardiac output
resulting in absolute or regional hypovolaemia. In such conditions, fluid administration is the optimal therapy to increase
the vC in the expectation of promoting tissue perfusion and
improve oxygen transport to the tissues.
†

Despite many clinical trials and investigative efforts to determine appropriate therapeutic intervention(s) for shock,
this topic remains controversial and there remain broad
areas where no consensus exists. The use of i.v. fluids for the
treatment of hypoperfusion goes back more than 70 yr, and
represents the cornerstone of the treatment of hypoperfusion.2 However, the question of the appropriate use of fluid in
the treatment of hypoperfusion remains contentious. Prompt
resuscitation of patients with hypoperfusion with i.v. fluids
has been shown to improve outcomes, but excessive fluid
administration is associated with worse outcomes.3 – 5 In
addition, recent large-scale clinical investigations have
demonstrated that both colloid and crystalloid i.v. fluids have

Workgroup facilitators.
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Methods
We used the Delphi methods to achieve consensus. The Delphi
method has been used to harness the opinions of diverse
groups of experts on practice-related problems. The process
is based on a review, performed by a group of field experts, of
a survey concerning the issue in question. In the traditional
Delphi method, a group of experts reviews the available literature to answer a question by scoring these surveys. Several
rounds of this process are required to reach a consensus. In
the present study, the experts were asked to use their personal
knowledge of the literature and skills to individually consider
observations reported by other experts.

Expert group
A group of international experts was established; this group
included critical care physicians, anaesthesiologists, nephrologists, surgeons, and emergency room physicians who were
recruited based on their expertise in fluid management in critically ill and perioperative patients. The group consisted of 31
international physicians from five continents.

Process
In this ADQI XII subgroup, each expert was required to submit
to the group questions related to vascular health and microcirculation. The questions were then submitted to other
experts in the group who were invited to comment individually
on the questions.
We searched the Cochrane Controlled Trials Register, the
Cochrane Library, MEDLINE, and EMBASE from 1966 to
present. A co-author familiar with literature search protocol
of the Cochrane Collaboration designed and conducted
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the electronic search strategy with input from members of
the expert panel. The search was limited to human trials but
not limited by language. Duplicate records were deleted. The
search results were screened by the authors in a stepwise
manner to identify the eligible studies. In the first step, we
screened the titles, and irrelevant papers were excluded. In
the next step, we read the abstract or full text of the papers
for inclusion. The number of and reason for excluded studies
in this step was recorded. The following search terms are
used (Appendix 1).

Results
Based on the literature identified before the conference, the
following key questions were considered:
(i) What are the key elements of vascular biology that
enable the vascular barrier (vB) to remain intact?
(ii) Which biomarkers exist that inform on the integrity of
the vB, specifically the glycocalyx and endothelial
cells?
(iii) What are the key elements of the vC?
(iv) Can the blood volume be objectively measured in
humans in health and disease?
(v) What are the key elements and aspects of vascular
tone (vT) which comprise vascular responsiveness,
tone, and shunting? Can these metrics be measured
in humans in health and disease?
(vi) What are key elements for measuring blood flow (BF),
and can these metrics be measured at the systemic,
organ, and micro-vascular level?
(vii) Can BF, vC, vB, and vT be incorporated into a diagnostic
system to assess patients suffering from hypoperfusion?

Discussion
Research advances in our understanding of vascular biology in
health and disease have demonstrated that the vasculature is
more dynamic and complex than previously understood. In
particular, the discovery that the endothelial glycocalyx is a
critical component of vascular integrity has demonstrated
that vascular health and function is dynamic and has a significant impact on tissue perfusion.11 In order to apply the
current advances of our knowledge of vascular biology to
the clinician at the bedside, we attempted to develop a framework that incorporates key aspects of the vasculature into
a diagnostic approach. Some aspects of the approach will
require better bedside tools than are currently available.
This manuscript represents an initial ‘roadmap’, and as with
any proposal of this nature, it will require further study and
validation.
The four main components of our proposal involve the assessment of the BF, vC, vB, and vT. Any significant perturbation
in any of these domains can lead to hypoperfusion at both the
macro- and micro-circulatory level (Fig. 1). We hypothesize that
by interrogating each of these domains, a clinician can ascertain the dominant pathology in a patient that is suffering
from hypoperfusion. This will then enable the clinician to
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potential toxicity.6 – 8 Taken in totality, the generic response is
that clinicians must give the correct amount of the appropriate
fluid promptly, but not give too much.
Therefore, the mandate for clinicians is to determine when,
how, and what to give, and when to remove fluid from patients
during the course of their illness. The current approach to
fluid administration and fluid removal tends to be focused
primarily on cardiac output and haemodynamic stability.9 The
pre-eminence of cardiac output in the assessment and treatment of hypoperfusion in particular can be misleading and
lead to excessive volume administration. All patients who are
‘volume responsive’ do not necessarily require volume. If perfusion is adequate, the fact that an infusion of volume increases
cardiac output should not necessarily result in the administration of more volume. That is why the true circulatory defect,
which requires correction with fluid therapy, should be regarded
as lack of tissue perfusion.10 There is a broad realization that fluid
is a drug, and that clinicians lack the tools to determine the appropriate dose of these drugs. As a part of International Acute
Dialysis Quality Initiative (ADQI) XII Fluids Workgroup meeting,
we sought to incorporate the advances in our understanding
of vascular biology and develop a more comprehensive yet
accessible approach to the patient with hypoperfusion that
would lead to improved outcomes.
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Fig 1 Vascular components that can lead to hypoperfusion.

Vascular content
The blood volume and the portion of the volume containing red
cells represent the vital elements of the vC. The common vernacular at the bedside is that a diminished vC equals ‘hypovolaemia’. However, it is important to point out that the vC may be
in the normal range, but a patient given a vasodilator (e.g.
hydralazine, nitroglycerin) or in response to drugs with vasodilatory effect (e.g. propofol) may no longer have an adequate
vC to ‘fill’ the increased vascular space (the potential vascular
space increases as a consequence of vasodilation). In this
example, the patient would develop evidence of hypoperfusion
and would be clinically assessed as hypovolaemic, when in fact
the vC is normal and the primary defect is poor vasomotor tone
resulting in an enlarged vascular space that the vC does not adequately fill. Instead of volume therapy, this patient may in fact
require a therapeutic response more directed at restoring vasomotor tone instead of one that is driven by volume therapy
(Fig. 2). Clinically, an important feature of any clinical assessment is ‘the patient’s volume status’. The output of this assessment is typically hypo, hyper, or euvolaemia with a separate
caveat about the intravascular volume status (i.e. patient is
hypervolaemic but intravascularly depleted). However, the
intravascular volume (vC) is not the same as the total body
volume status, which includes the interstitium and the lymph
content. In this proposal, the vC would be assessed in an objective quantifiable manner. The separate evaluation of these
different domains allows for a more accurate assessment of
the patient.
Currently, the measurement of whole blood volume can be
measured accurately with a variety of techniques. The two best
validated techniques utilize indocyanine green (ICG) and
I131.12 13 Early attempts to measure blood volume by dilution
techniques used ‘Evans blue’ as a label for the plasma protein
albumin; however, a possible mutagenic potential brought it
to an end.14 In the 1980s, it became obvious that in order to determine blood volume a double tracer approach independently
measuring plasma and red cell volume was necessary for exact

Vascular tone
For this domain, an objective assessment of the degree of vasoconstriction and vasodilation are assessed. At a systemic level,
these metrics can be assessed with measures such as the systemic vascular resistance (SVR). At a regional level, a similar
strategy of measuring BF, arterial pressure, and venous
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have a better understanding of the aetiology of hypoperfusion
thereby guiding the therapeutic approach. Each domain that
we describe below can be applied to the systemic, regional
(organ level), and the micro-circulation.

and reproducible values.13 Common tracers at that time were
radioiodinated serum albumin for measuring plasma- and
radiochromium-labelled red blood cells (RBCs) for measuring
red cell volume. However, the disadvantages of radioactive
contamination, along with plasma half-life of 60 days and
dye accumulation, especially in repeated measurements,
called for alternative tracers. In 1968, ICG, a relatively stable
dye with an initial distribution volume comparable with that
of Evans blue and labelled albumin, was used for the first
time. Together with fluorescein-stained erythrocytes, it can
reliably determine blood volume.15 It is not radioactive, safe,
reliable, and quickly eliminated. Meanwhile, it is seen as the
gold standard; however, it is personnel-intensive, timeconsuming, expensive, and elaborate for incorporation into
clinical routine. Therefore, several trials have tried using the
‘bed-side’ haematocrit (haemoglobin) dilution technique.16
The main drawbacks of this method are that it only measures
the circulating part of blood, depends on a ‘normal’ vT and a
constant thickness of the glycocalyx (see below). Destruction
of this structure which contains a large fraction of noncirculating plasma increases the circulating plasma volume
without changing total plasma volume.11
In the micro-circulation, vC can also be determined. Unlike
the ‘macro’ circulation, the micro-circulation consists of
networks of capillaries all of which contain plasma, but not
all capillaries contain RBCs. Capillaries often preclude the
entry of RBCs because of vasoconstriction and shunting
effects. Because the physiological volume responsible for convective transport of oxygen is RBC-carrying component of the
micro-circulation, the non-RBC-containing capillaries do not
contribute significantly to oxygen transport. The key metrics
that are used to assess the micro-circulatory vC are capillary
density and micro-circulatory haematocrit.17 These variables,
in addition to micro-circulatory flow, can be directly measured
by the use of hand-held video microscopy.18 It is important to
note that plasma water has ,3% oxygen carrying capacity,
thus, although the administration of fluid during resuscitation
may improve systemic haemodynamic variables, it may not
significantly provide oxygen delivery to the parenchymal
cells.19
As described above, systemic vC (blood volume and haematocrit) can be objectively and accurately assessed in
humans; however, bedside devices that are less cumbersome
that enable these data to be acquired rapidly and easily represents an important unmet need. Bedside devices (such as
video microscopy) that can assess vC in the micro-circulation
are currently available. The various types of micro-circulatory
monitoring devices have been extensively reviewed elsewhere.20 – 22
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Fig 2 Dynamic changes between vC and the vascular space. Reproduced with permission from ADQI (www.ADQI.org).

pressure can allow organ vascular resistance (Ohms law
approach). An example of this regional approach is the ascertainment of the pulmonary vascular resistance (PVR) with
measurement of the cardiac output, pulmonary artery occlusion pressure, and the mean pulmonary artery pressure. For
the micro-circulation, imaging is available that quantifies vasomotor tone (vT). For example, changes in arteriolar diameter
have been measured in patients being administered vasodilators.23 Because within any circulatory bed, there is always some
degree of heterogeneity for each of these assessments, the
quantitative assessment will represent net degree of vascular
resistance.

Vascular barrier
For this domain, the endothelial glycocalyx and endothelial
cells form the primary constituents of the vB. The endothelial
glycocalyx is a gel-like fringe covering the intravascular side
of every healthy vessel (although there is considerable variations between the glycocalyx compartment in the various
organs) of substantial dimension (estimated average thickness
1 mm).11 24 It participates in numerous physiological processes,
such as regulating vascular permeability, preventing firm
adhesion of leukocytes to the vessel wall, transmission of
shear stress, or modulating inflammatory and haemostatic
processes. It also contains many receptors which as a
consequence of glycocalyx shedding, resulting in activation
of immune cascades. In addition, the glycocalyx contains
many anti-oxidative molecules such as superoxide dismutase.
Thus, the glycocalyx is a central player in endothelial function
and its preservation must be considered in any resuscitation
strategy.24
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Various biomarkers can be used to assess the integrity of
the glycocalyx. The main components of the glycocalyx can
be measured in human plasma using conventional ELISA
kits. This includes the membrane-bound syndecans and glypicans and their negatively charged heparan- and chondroitinsulphate side chains which account for much of the biophysical properties. The non-sulphated, receptor-attached longchain molecule hyaluronan is considered to be an essential
part of the surface lining. Early manifestation of endothelial
injury after ischaemia –reperfusion, sepsis, atherosclerosis,
cardiopulmonary resuscitation, and trauma has been shown
to cause the disruption of the glycocalyx with increased
plasma levels of glycocalyx components.11 The main pathogenic component common to these insults is oxygen radical
species which directly attack the integrity of the glycocalyx,
thereby resulting in shedding.25 The objective ascertainment
of the integrity of the vB would be very useful for a clinician.
In essence, vB measurement would allow the clinician to
assess the degree of ‘capillary leak’ and would inform a clinician on the potential pathophysiology and mayassist in the selection of an appropriate i.v. fluid. If the vB is sufficiently intact,
then a colloid may be a better choice as it is more likely to
remain intravascular, but if the vB is not intact, a colloidal
infusion tends to diffuse into the interstitium, which is not
desirable. In this scenario, a crystalloid or a blood product may
be a better choice. Clinical studies in patients with sepsis, a
disease that is associated with vB disruption, suggest that
colloids (i.e. albumin and starch) may be superior than crystalloid solutions in patients with sepsis and evidence of
hypoperfusion.26 27 Currently, the assessment of vB is not objectively determined, and the clinician must make an informed
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In this example, the patient is volume responsive, BUT volume may
not be the optimal therapy
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guess as to the integrity of the vB. Moreover, there are data
to suggest that excessive fluid infusion may in fact damage
the vB.28

Blood flow

The concept that we have outlined, considering BF, vC, vT, and
vB, enable a systematic assessment of any vascular circuit from
global systemic vasculature down to the micro-circulation
level. There are advantages to assessing these areas individually as not all patients have systemic disease. For instance,
patients with severe acute respiratory distress syndrome
(ARDS) may have severely impaired pulmonary vasculature,
but a relatively intact systemic vasculature. Thus, for an
organ level assessment, determining the BF, vC, vT, and vB
may allow the clinician to have a better understanding of the
disease. By integratively assessing the different compartments
comprising the hierarchy of the circulation, one may obtain a
differential diagnosis as to the origin of the circulatory defect
during shock, thereby guiding the clinician to provide the
most appropriate therapy. ARDS is usually the result of severe
alveolar injury leading to hypoxaemia, but the pulmonary
endothelium is often highly disrupted as well, and an assessment of vB and vT in particular might be useful in guiding care.
A similar approach can be used to assess the microcirculation. When the micro-circulation is imaged and assessed,
the BF (convection) is a critical determinant of micro-vascular
health. The vC assessment of the micro-circulation would be
more focused on micro-vascular haematocrit and capillary
filling. Akin to the vC, the vT would be an assessment of the capillary vasomotor tone and the capacity for red cells to transit
the micro-circulation appropriately. Perhaps most valuable in
the assessing the micro-circulation would be the vB wherein

Hypoperfusion
identified

Assessment of cause(s)
of hypoperfusion

Physical exam
haemodynamic monitoring
serial laboratory data
serial imaging

Assess
BF, vC, vB, vT
Is volume indicated?

No

Resuscitate/optimize*

Yes

Give fluid

Choose appropriate
fluid?

*Resuscitation and
optimization can involve
fluid removal in certain
cases

BF,blood flow; vC,vascular content; vB,vascular barrier; vT, vascular tone
Fig 3 Flowchart of how to guide fluid management with the vascular component approach. Reproduced with permission from ADQI (www.ADQI.org).
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This domain is well characterized and multiple tools are available to quantify BF. At a systemic level, BF is assessed as cardiac
output for which the pulmonary artery catheter remains the
bedside ‘gold-standard’. However, many less invasive techniques can also provide cardiac output metrics with accuracy
and precision. At a regional level, BF would be the organ BF.
An example of this would be the placement of a thermodilution
catheter in the renal vein, which allows the bedside clinician to
assess renal BF.29 At the level of the micro-circulation, pressure
and resistance are the two variables which directly determine
BF. Mass transport (flow) of blood together with oxygen
content determine the oxygen availability at the parenchymal
level. The resistance is determined by vessel tone and the viscosity of the blood and is described by the Law of Poiseuille. It must
be kept in mind however that the vascular bed is a highly heterogeneous resistive network and is continuously changing. Its
inability to match oxygen supply by demand as a result of
defect in vascular reactivity results in functional shunting and
is characteristic of distributive shock. The driving pressure of BF
to the micro-circulation where oxygen is transported to is the
difference between the input and output pressure of the
micro-circulation. Arteriolar and venular tone determine this
driving pressure difference, which defines the flow of blood in
the micro-vasculature.30

The hierarchy of the circulation: systemic, regional,
and the micro-circulation
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Table 1 Vascular components in different forms of shock. BF, blood flow; vC, vascular content; vT, vascular tone; vB, vascular barrier. †Within the
‘Distributive Shock’ classification, there exist multiple subtypes (e.g. spinal shock, septic shock). A potential advantage of the VC approach is that the
vB, vT, and vC can identify distributive shock subtypes. For instance, septic shock and spinal shock would be characterized by decreased vT and vC.
However, in spinal shock, the vB would be expected to be largely intact when compared with septic shock. Thus, the VC approach may allow for more
rapid diagnosis of the various subtypes of distributive shock1

Cardiogenic shock

BF

vC

vB

vT

Macro/micro decreased

Normal

Intact

Intact

Haemorrhagic shock

Macro/micro decreased

Decreased

Impaired (macro)

Intact

Obstructive shock

Macro/micro decreased

Normal

Intact

Intact

Distributive shock†

Macro normal micro decreased

Normal/decreased

Impaired†

Impaired†

Table 2 Vascular components at the systemic, regional, and micro-circulatory level. SVR, systemic vascular resistance; OVR, organ vascular
resistance
vT

vB

BF

Systemic

Blood volume

SVR

Biomarker panel

Cardiac output

Regional

Arterial Hb/Ht

OVR (reactive
hyperaemia)

Indocyanine green

Pulse pressure variation, peripheral
temperature, NIRS, laser Doppler

Micro-circulation31

Capillary Ht
Functional capillary
density
Glycocalyx volume24

Arteriolar diameter23

VEGF, Syndecan 1 or 4,
thrombomodulin, hyaluronic acid,
heparin sulphate Glypican 1
(all glycocalyx markers)
malondialdehyde (oxidative stress),
myelo peroxidase, nitrate/nitrite
(nitroso stress)

Capillary BF, heterogeneity of BF,
rolling sticking leucocytes

metrics of diffusion and distance between capillaries can offer
important insight into condition and integrity of the vB.

Implementation and future research
We have termed the BF, vC, vB, and vT diagnostic approach the
vascular component (VC) approach. An approach to hypoperfusion utilizing the VC system is shown in Figure 3. The identification of hypoperfusion is followed by a standard clinical
work-up. For those patients in whom more granular data are
required to fully ascertain the cause of extremis, VC elements
would be objectively assessed using bedside techniques. We
believe that for patients in whom distributive shock appears
to be the primary phenotype, this approach will be able to
rapidly and reliably discriminate different forms of distributive
shock (e.g. neurogenic, anaphylactic, vs septic). A summary of
the expected metrics for various forms of shock and their respective VC is provided in Table 1.
An obvious limitation to testing this approach at the systemic
level is the lack of bedside tools that can provide the high-fidelity
data for each domain. Currently, BF and vT can be effectively
assessed at the bedside. As described above, there are multiple
biomarkers that are indicative of the status of vB, and more
tools would be needed for more granular assessment of the
vB. In addition, quantitative measures of capillary leak, specifically how quickly does plasma water exit the vascular space
would be useful in guiding fluid therapy. Currently, the objective
measures for vC are cumbersome, and bedside measures of vC
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are not yet available, although they are in active development
and testing. A summary of the tools, some of which are available for use for assessing the systemic, regional, and microvasculature, is outlined in Table 2.

Summary
The VC approach to hypoperfusion has potential advantages to
the current diagnostic system. The concept of ‘volume responsiveness’ tends to be the focus of current resuscitative strategies.15 Thus, when a patient is evaluated and diagnosed as
being volume responsive, they receive volume. As outlined
above, an approach that integrates BF and these vascular
domains is likely to result in a more complete understanding
of why a patient is ‘volume responsive’ and likely to result in appropriate volume being given more judiciously.
This approach also has the distinct advantage that it can be
used to assess systemic, regional, and micro-vasculature,
thereby harmonizing the approach to clinical vascular diagnostics across these levels. The VC approach will need to be tested
as these bedside tools become available to determine if this
system can in fact improve outcomes in patients who suffer
from hypoperfusion.

Supplementary material
Supplementary material is available at British Journal of Anaesthesia online.
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Appendix 1
plasma volume
plasma volume assessment
plasma volume measurement
plasma volume and methods
blood volume assessment
blood volume measurement
blood volume and methods
cardiac output
cardiac output monitor
stroke volume
stroke volume variation
pulse pressure variation

Doppler
bioimpedance
bioreactance
lithium dilution
carbon dioxide indicator
thermodilution
picco
transesophageal
transesophageal echo
echocardiogram
pulse contour
fick principle
non-invasive
hemodynamic monitor
indocyanine green
labeled albumin
radioisotopes
hematocrit dilution
fluorescein
fluid and volume effects
microcirculation
circulation
vascular
vascular health
regional blood flow
organ blood flow
renal function
capillary blood flow
tissue perfusion
cellular function
cellular oxygenation
diagnostic
imaging
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