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Abstract Currently static and dynamic indices of fluid

responsiveness are used to guide fluid resuscitation. The

physiological effect of a fluid bolus is considered in terms

of the Frank–Starling mechanism. This is, however, an

incomplete concept and ignores the effect of the venous

system. This paper reviews the interplay between the

stressed and unstressed volume, the mean circulatory filling

pressure and the central venous pressure in determining

organ and microcirculatory flow. We also review method

for determining fluid responsiveness.
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Introduction

Shock is currently defined as ‘‘circulatory failure that

results in cellular oxygen deficit.’’ [1] This definition is

problematic as oxygen delivery (DO2) has to fall to very

low levels before oxygen consumption (VO2) falls and

most patients with ‘‘shock’’ have normal levels of oxygen

consumption. Ronco et al. determined the critical oxygen

delivery threshold for anaerobic metabolism in critically ill

humans, while life support was being discontinued [2]. In

this study, the critical oxygen delivery threshold was

3.8 ± 1.5 ml/(kg min) (266 ml/min in a 70 kg patient).

Similarly, in a remarkable and rather unconventional study,

van Woerkens et al. studied the relationship between VO2

and DO2 in a Jehovah Witness patient who was bleeding to

death [3]. In this patient VO2 became supply dependent

below a DO2 of 4.9 ml/(kg min) (343 ml/min in a 70 kg

man). Shibutani et al. studied the relationship between VO2

and DO2 in 58 patients undergoing cardiopulmonary

bypass [4]. The critical value of DO2 was identified to be

330 ml/min. These values translate into a cardiac output of

approximately 2 l/min; it is likely that only pre-terminal

moribund patients with ‘‘shock’’ would have such a low

cardiac output. While an elevated lactate concentration is

widely believed to be a marker of inadequate tissue per-

fusion, inadequate cellular oxygen delivery, and anaerobic

metabolism, an overwhelming body of evidence suggests

that in most clinical situations lactate is produced aerobi-

cally as part of the stress response [5•]. Furthermore,

attempts at increasing DO2 in patients with sepsis and an

elevated lactate level does not increase VO2 [6, 7], and this

approach is associated with an increased risk of death [8].

While it is unclear how best to define shock, we believe

‘‘circulatory shock’’ is best defined as ‘‘a potentially life

threatening reduction in organ blood flow.’’

Determinant of Organ Blood Flow

The mean arterial pressure (MAP) is an important deter-

minant of organ blood flow. When the MAP falls below an

organs autoregulatory range there is an almost linear fall in

organ blood flow [9]. The fall in blood flow is likely to

occur at a higher blood pressure in patients with long-

standing hypertension due to a shift in the autoregulatory

range to the right. Furthermore, different vascular beds will

lose autoregulation at different blood pressure values. For

example, the mammalian kidney does so at a MAP of about

70 mmHg, the brain at between 60 and 70 mm Hg, while
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the coronary circulation requires a MAP of about

50-55 mmHg [9–11]. Cardiac output (CO) and total

peripheral resistance (TPR) are the major factors deter-

mining MAP (MAP = CO/TPR). Stroke volume (SV) in

turn, in older children and adults, is the major determinant

of CO (CO = SV 9 heart rate) and is determined by left

ventricular contractility and left ventricular end-diastolic

volume (LVEDV). LVEDV by the Frank–Starling mech-

anism is a major determinant of SV. According to the

Frank–Starling principle as LVEDV (or preload) increases

left ventricular SV increases until the optimal preload is

achieved at which point the SV remains relatively constant.

This optimal preload is related to the maximal overlap of

the actin-myosin myofibrils. It is important to note that in

an intact heart, the actin-myosin links cannot be disen-

gaged and hence there is no descending limb of the Frank–

Starling curve. In normal physiologic conditions, both

ventricles operate on the ascending portion of the Frank–

Starling curve [12].

The amount of blood pumped out of the heart (cardiac

output) is equivalent to venous return (volume entering

right atria) [13]. According to Guyton, venous return is

determined by the pressure gradient between the peripheral

veins and the right atrium (CVP), as well as the resistance

to venous return [14]. Due to the high compliance of the

venous system, venous resistance is very low and for this

discussion can be ignored. Organ blood flow is driven by

the difference in the pressure between the arterial and

venous sides of the circulation. The MAP minus the CVP

is, therefore, the driving force for organ blood flow, while

the difference between post-arteriolar and venular pressure

determines microcirculatory flow. However, right atrial

pressure (CVP) is transmitted backwards, increasing

venous pressure. A high venous pressure dramatically

impedes organ and microcirculatory flow (discussed

below). Therefore, the interplay between the pressure

gradient for venous return and the CVP plays a major role

in determining organ blood flow.

The heart can only pump that volume of blood into the

arterial system which equals the volume of venous return

[13]. Therefore, venous return becomes the major factor

determining cardiac output. Venous return is determined by

the pressure gradient between the peripheral veins and the

right atrium [13]. As approximately 70 % of the blood

volume is within the venous system, changes in venous

blood volume play a major role in determining venous

return, and therefore, cardiac output. The venous system

can be divided into two theoretical compartments, the

unstressed and stressed volume [15]. The intravascular

volume that fills the venous system to the point where

intravascular pressure starts to rise is called unstressed

volume, whereas the volume that stretches the veins and

causes intravascular pressure to rise is called the stressed

volume. The stressed blood volume is the major contributor

of venous pressure, and therefore, venous return. The

unstressed volume normally accounts for about 75 % of the

venous blood volume [15, 16]. The venous system, there-

fore, acts as a reservoir that can rapidly recruit blood from

the unstressed blood compartment to maintain venous

return to the right heart. Splanchnic and cutaneous veins

are highly compliant and represent the largest blood vol-

ume reservoirs. The veins of the extremities are less

compliant making a smaller contribution to the blood

volume reservoir [15, 16]. This suggests that the volume of

blood in the legs is subject to less variability than that of

other vascular beds. This observation has important

implications for the performance of a passive leg-raising

maneuver (PLR), [17] which would theoretically provide a

stable and calibrated volume infusion.

The mean circulatory filling pressure is conceptualized

as the pressure distending the vasculature, when the heart is

stopped (zero flow) and the pressures in all segments of the

circulatory system have equalized [15, 16]. The mean cir-

culatory filling pressure was first described by Bayliss and

Starling in a dog model during cardiac arrest [18]. The

mean circulatory filling pressure is regarded as the driving

pressure that determines venous return and is considered

synonymous with the effective circulatory blood volume

[15, 16]. The mean circulatory filling pressure in humans is

normally in the range of 8-l0 mmHg [15, 16]. As the

venous system is largest component of the vacular system,

the stressed venous system is the major contributor to the

mean circulatory filling pressure, with the mean venous

pressure being slightly below that of the mean circulatory

filling pressure (6-8 mmHg). The anatomic site where

vascular pressure is equivalent to the mean circulatory

filling pressure is generally believed to be in the postcap-

illary small venules. This concept is supported by the

studies of Sheldon et al. In a canine hemorrhagic shock

model, these authors demonstrated that the peripheral

postcapillary venous pressure was an accurate indicator of

the effective blood volume and cardiac output [19, 20].

Guyton noted that an increase in blood volume increased

the mean circulatory filling pressure, while the resistance to

venous return decreased because of distension of the veins

[21]. Therefore, the driving force for venous return is

determined by the difference between the mean systemic

filling pressure and the CVP. As the normal right atrial

pressure (CVP) is about 2 mmHg, the pressure gradient

determining venous return is normally approximately

6-8 mmHg. An increase in the CVP or a fall in the mean

circulatory filling pressure will reduce venous return, SV,

and cardiac output. Furthermore, an increase in the CVP

has a major effect on reducing organ blood flow (see

below). Therefore, factors that determine organ perfusion

include the stressed and unstressed venous volume, mean
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systemic filling pressure, and right atrial pressure (CVP), as

well as cardiac function. Importantly, volume status and

fluid responsiveness are not synonymous. A hypovolemic

patient will increase cardiac output in response to fluid

loading only, when the stressed blood volume increases

and when the increase in the gradient between stressed

blood volume (mean circulatory filling pressure) and CVP

increases. Venoconstriction causes some of the unstressed

volume to be shifted to the stressed volume thereby

increasing venous pressure. Splanchnic and cutaneous

veins are highly innervated by a-1 receptors [22]. Fur-

thermore, venous capacitance vessels are much more sen-

sitive to sympathetic stimulation than are arterial resistance

vessels. Vasopressors, therefore, mobilize blood from the

unstressed reservoirs in the splanchnic circulation and skin,

thereby increasing venous return and cardiac output. In a

porcine endotoxic shock model, Datta and Magder dem-

onstrated that norepinephrine increased the mean systemic

filling pressure leading to an increase in venous return [23].

Similarly in patients with septic shock, Persichini et al.

demonstrated that decreasing the dose of norepinephrine

decreased the mean systemic filling pressure with a

decrease in venous return and cardiac output [24]. In this

study, a PLR maneuver increased the cardiac index to a

greater degree at the lower dose of norepinephrine (8 ± 4

vs 1 ± 4 %, p = 0.001), suggesting an increase in

unstressed blood volume when the dosage of norepineph-

rine was reduced. These authors have also demonstrated

that increasing the dose of norepinephrine decreased the

effects of PLR on cardiac index [25].

Anesthesia may decrease venous return through multiple

mechanisms. During surgical procedures, blood loss and

fluid sequestration due to tissue injury may decrease total

blood volume. Neuraxial anesthesia and systemic sedation

blunt the compensatory circulatory reflexes that preserve

stressed blood volume and mean circulatory filling pres-

sure. Positive pressure ventilation compounds this problem

by raising intra-thoracic pressure and decreasing the gra-

dient that drives venous return [26]. Pneumoperitoneum

and head up positioning during laparoscopy can also

decrease the pressure gradient [27]. Fluid resuscitation

during anesthesia can help preserve the gradient for venous

return—but only if it increases stressed blood volume and

mean circulatory filling pressure. Clinical studies show that

fluid resuscitation maintains cardiac output during neur-

axial anesthesia [28]. Fluid resuscitation may also attenuate

the effect of positive pressure ventilation on venous return.

If the splanchnic venous reservoir is volume expanded, its

pressure may rise in parallel with intra-thoracic pressure

[29]. Exogenous catecholamines with venoconstricting

properties can also increase stressed blood volume to raise

mean systemic filling pressures and increase cardiac output

[30–32].

The Hazards of a High Central Venous Pressure

In addition to influencing venous return, a high CVP is

transmitted retrograde, increasing venous pressure. Since

organ blood flow is related to the difference between the

MAP and organ pressure, an increase in CVP is associated

with a fall in organ blood flow. This has a major effect on

microcirculatory flow and organ function. Increased

venous pressure increases the interstitial pressure of

encapsulated organs such as the kidney and liver, reducing

organ blood flow [33•]. The kidney is particularly affected

by increased interstitial pressure resulting in a significant

fall in glomerular filtration rate, and greatly impacting the

pressure differential across Bowman’s capsule [33•]. The

detrimental effect of high venous pressure on renal func-

tion was established by Winton in an elegant set of

experiments performed in 1930s [34]. This investigator

attached the kidneys of a dog to a heart–lung circulation by

means of cannulae inserted into the artery and veins of

kidneys and then independently altered venous and arterial

pressure. In these experiments, an increase in venous

pressure dramatically decreased renal function. A number

of studies in patients with sepsis and heart failure have

demonstrated a high CVP to be the only hemodynamic

parameter predictive of renal failure [35–37]. Legrand et al.

noted a near linear relationship between increasing CVP

and acute renal failure, with a CVP of 15 mmHg being

associated with an 80 % risk of renal failure compared to

30 % at a CVP of 6 mmHg [38]. In a study of patients with

sepsis, Vellinga et al. demonstrated that the sublingual

microvascular flow index (MFI) and percentage of perfused

vessels (PPV) were significantly lower with a patients with

a high CVP ([12 mmHg) than a low CVP: 1.44 ± 0.94 vs.

1.89 ± 0.91, p = 0.006; and 88 ± 21 vs. 95 ± 8 %,

p = 0.006). In a multivariate logistic regression analysis,

the only significant predictor for an abnormal MFI was a

CVP [12 mmHg. Because microcirculatory driving pres-

sure is the difference between post-arteriolar minus venular

pressure, a relatively mild increase in CVP may consider-

ably influence the capillary perfusion pressure and micro-

circulatory flow [39]. These data suggest that changes in

venous pressure have a much greater effect on microcir-

culatory flow than the MAP. Furthermore, as long as the

MAP is within an organs autoregulatory range, the CVP

becomes the major determinant of organ blood flow.

Increased cardiac filling pressures following aggressive

fluid resuscitation increase the release of natriuretic pep-

tides [40, 41]. Natriuretic peptides cleave membrane-bound

proteoglycans and glycoproteins (most notably syndecan-1

and hyaluronic acid) off the endothelial glycocalyx [42–

44]. The glycocalyx plays a major role in determining the

vascular barrier function, preventing large macromolecules

and fluid moving across the endothelium. An intact
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endothelial glycocalyx is a prerequisite of a functioning

vascular barrier [45••]. Damage to the glycocalyx pro-

foundly increases endothelial permeability. In addition,

increased natriuretic peptides inhibit the lymphatic pro-

pulsive motor activity reducing lymphatic drainage [46–

48]. Natriuretic peptides therefore function to sequestrate

fluid into the interstitium in states of volume overload. In

addition, it is important to recognize that only about 20 %

of the volume of a crystalloid bolus remains intravascular

[49]. Large volume fluid resuscitation results in severe

tissue edema. Tissue edema reduces oxygen and metabolite

diffusion, alters tissue architecture, compromises capillary

blood flow, impacts bowel function, and lymphatic drain-

age while disturbing cell–cell interactions, resulting in

progressive organ dysfunction [33].

Fluid Responsiveness

An increase in venous return will only increase SV in a

patient who is biventricular preload responsive. Multiple

studies across diverse groups of hemodynamically unstable

patients have demonstrated that only about 50 % of

patients are volume responsive. Fluid loading may fail to

increase SV in:

(1) Vasodilated patients where the fluid fails to increase

venous pressure. This may occur due to an inadequate

volume of infused fluid.

(2) In patients’ in whom there is a parallel increase in

CVP and mean systemic filling pressure.

(3) In patients who are preload unresponsive (on the flat

portion of Frank–Starling curve).

Low-dose vasoconstrictors should be considered in va-

sodilated fluid non-responders; such an intervention will

decrease the capacitance of the unstressed blood volume

increasing the likelihood of responding to additional fluid

boluses. Fluid loading is likely to be particularly harmful in

fluid non-responders particularly in those in whom CVP

increases significantly following the fluid bolus.

The goal of fluid resuscitation is to normalize organ

blood flow. This requires an increase in SV and cardiac

output with a minimal increase in CVP. The dynamic

interactions of fluid loading on the venous pressure, venous

return and SV, and CVP determine whether a fluid bolus

will be helpful or harmful. In patients who are fluid

responsive (increase of stoke volume by at least 10 %),

fluid loading increases the stressed blood volume, which

then increases mean systemic filling pressure (or venous

pressure) such that the increase in mean systemic filling

pressure is greater than the increase in the CVP. In patients

who are on the ascending Frank–Starling curve, and have

normal left ventricular compliance, the heart is able to

minimize the increase in the CVP by increasing the end-

diastolic volume and subsequently the SV. In such cir-

cumstances, the pressure gradient to venous return

increases in a preload responsive patient and SV increases.

However, in patients with diastolic dysfunction and in

patients who are near the top of the Frank–Starling curve

the CVP increases in parallel to the mean systemic filling

pressure and venous return remains unchanged. The

increase in the CVP in these patients serves to compromise

organ blood flow.

Hemodynamic interventions are assumed to have dis-

crete measurable effects. Currently the physiological effect

of a fluid bolus is considered in terms of the Frank–Starling

mechanism and the change in SV. However, this is an

incomplete concept and ignores the effect of the venous

system [13, 50]. Cecconi et al. investigated the relationship

between the changes in mean systemic filling pressure with

the change in CVP and SV following a fluid challenge in

postsurgical ICU patients [51••]. In this study, mean sys-

temic filling pressure increased equally in fluid responders

and non-responders (3.1 ± 1.9 vs 3.1 ± 1.8 mmHg).

However, the increase in the CVP was greater in the non-

responders than the responders with an increase in the

venous pressure gradient recorded only in the responders.

This suggests that the hearts of the non-responders were

unable to accommodate the increase in volume without a

large increase in filling pressure. This study elegantly

reinforces the concept of the interplay between the venous

pressure gradient and the Frank–Starling mechanism in

determining the response to a fluid challenge. This finding

supports the concept of the interaction between the Frank–

Starling and Marik–Phillips curves [52], such that as the

patient ‘‘climbs up’’ the Frank–Starling curve the incre-

ment in SV decreases while extravascular lung water

(EVLW) increases with increasing filling pressures (see

Fig. 1). In addition, independent of the effect of fluid

loading on cardiac output, an increase in CVP profoundly

reduces organ blood flow. This ‘‘new’’ paradigm would

suggest that clinicians monitor both the change in CVP, as

well as SV during a fluid challenge. A disproportionate

increase in the CVP may reduce venous return while at the

same time compromising organ blood flow.

Conventional teaching and widely disseminated guide-

lines suggest that aggressive fluid resuscitation is the best

initial approach to the patient with hemodynamic insta-

bility [1, 53, 54]. However, over the last decade it has

become clear that aggressive fluid resuscitation is associ-

ated with increased morbidity and mortality across diverse

populations of patients. Furthermore, multiple studies in

patient’s sepsis with, as well as surgical and trauma

patients have demonstrated that a conservative fluid strat-

egy is associated with improved patient outcomes [55, 56,

57•, 58]. ‘‘The Fluid Expansion as Supportive Therapy

(FEAST)’’ study provides the most compelling data that a
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conservative fluid strategy improves patient outcomes

[59••]. FEAST was a large rigorously performed study that

randomized 3141 sub-Saharan children with severe sepsis

to aggressive fluid loading or maintenance fluid only [59••].

In this study, aggressive fluid loading was associated with a

significantly increased risk of death. Furthermore, there

was no subgroup of patients that benefited from aggressive

fluid resuscitation [60]. A review of the physiology of

volume resuscitation, as well as a large body of clinical

outcomes data suggests that the clinician should administer

intravenous fluids with much trepidation. The first

description of the use of intravenous fluid in a human is

attributed to Dr Thomas Latta during the Cholera epidemic

in London in 1832. Dr Latta described his experience in a

letter to the editor of the Lancet where he comments

‘‘having no precedence to guide me I injected ounce after

ounce of fluid closely observing the patient’’ [61]. The

technique of fluid resuscitation described by Dr Latta

nearly 200 years ago has stood the test of time and is

currently the only rational method of fluid resuscitation…
give small volumes of fluid and observe the patient (what a

remarkable concept). The idea of giving large fluid boluses

of 20-30 ml/kg to humans may violate the maxim, primum

non nocere, and likely to lead to severe volume overload

with an increased risk of complications and death [53].

Fluid resuscitation is best performed by giving patients

250–500 ml boluses of crystalloid (preferably Lactated

Ringers solution), determining if other therapeutic inter-

ventions such as vasoconstrictors and inotropes are needed,

and closely monitoring the response.

Determining Fluid Responsiveness

Abundant evidence demonstrates that pulmonary capillary

wedge pressure and central venous pressure do not reliably

predict fluid responsiveness [62•, 63]. Trans-esophageal

echocardiography can evaluate respirophasic variation of

the superior vena cava. One study demonstrated that a

passive breath delivered by mechanical ventilation will

collapse the superior vena cava as it enters the thorax in

fluid responsive patients with severe sepsis [64, 65]. Re-

spirophasic effects on arterial pulse pressure can also help

predict the response to a fluid bolus. The arterial waveform

is analyzed, while the ventilator delivers a[8 ml/kg breath

to a passive patient. The rise in intra-thoracic pressure can

reduce venous return. Left ventricular filling will tran-

siently rise due to ventricular interdependence and then

fall. In fluid responsive patients, both ventricles are

responsive to changes in venous return. Left ventricular

SV, therefore, will rise and fall with each inspiration [66].

Arterial pulse pressure is an indicator of SV if aortic

compliance is constant. Therefore, pulse pressure varia-

tion, calculated from an arterial waveform, of greater than

12 % predicts fluid responsiveness [67]. This test is unre-

liable if the patient has arrhythmias, tachypnea, or right

heart failure [67, 68]. As with all diagnostic tests, clini-

cians must consider the cut-off value. Setting a higher

threshold for SV variation will decrease the false positive

results (false prediction of fluid responsiveness). Clinicians

should consider using a higher cutoff of variation ([13 %)

when the risk of fluid resuscitation is high [69]. The strict

conditions for performing stroke and pulse pressure vari-

ation tests are more likely present during general anes-

thesia than in critically ill patients. Another dynamic

predictor of fluid responsiveness is the passive leg raise.

This maneuver can be conducted on negative or positive

pressure ventilation [70]. The clinician measures the SV

response to transiently increasing the gradient for venous

return. An increase of SV greater than 10 % predicts fluid

responsiveness [71].

Conclusion

Fluid resuscitation should be limited to patients who are

likely to increase their SV by at least 10 % following a fluid

challenge. As patients’ ‘‘ascend’’ the Frank–Starling curve,

filling pressures increase (including the CVP), decreasing

the pressure gradient for venous return limiting further

increases in SV. High filling pressures are transmitted

backwards increasing venous pressure which compromise

microcirculatory and organ perfusion. Furthermore, high

filling pressures increase EVLW and increase the release of

natriuretic peptides. Natriuretic peptides in turn damage the

Fig. 1 Superimposition of the Frank–Starling and Marik–Phillips

curves demonstrating the effects of increasing preload on SV and lung

water in a patient who is preload responsive (a) and non-responsive

(b). With sepsis the EVLW curve is shifted to the left. EVLW extra-

vacular lung water, CO cardiac output, SV stroke volume. Reproduced

from [52], with Permission form Oxford University Press
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endothelial glycocalyx and impede lymphatic drainage,

sequestrating fluid into the interstitium. A liberal fluid

approach which targets a CVP of greater than 8 mmHg has

been associated with an increased risk of organ dysfunction

and poor outcomes. Consequently, we suggest a conserva-

tive strategy to fluid resuscitation across a broad spectrum

of clinical disorders.
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