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The emergency department (ED) is frequently the doorway to the intensive care unit (ICU) for a significant num-
ber of critically ill patients presenting to the hospital. Hemodynamic monitoring (HDM) which is a key compo-
nent in the effective management of the critically ill patient presenting to the ED, is primarily concerned with
assessing the performance of the cardiovascular system and determining the correct therapeutic intervention
to optimise end-organ oxygen delivery. The spectrum of hemodynamic monitoring ranges from simple clinical
assessment and routine bedsidemonitoring to point of care ultrasonography and various invasivemonitoring de-
vices. The clinicianmust be aware of the range of available techniques, methods, interventions and technological
advances as well as possess a sound approach to basic hemodynamic monitoring prior to selecting the optimal
modality. This article comprises an in depth discussion of an approach to hemodynamic monitoring techniques
and principles as well as methods of predicting fluid responsiveness as it applies to the ED clinician. We review
the role, applicability and validity of various methods and techniques that include; clinical assessment, passive
leg raising, blood pressure, finger based monitoring devices, the mini-fluid challenge, the end-expiratory occlu-
sion test, central venous pressure monitoring, the pulmonary artery catheter, ultrasonography, bioreactance and
other modern invasive hemodynamic monitoring devices.

© 2017 Elsevier Inc. All rights reserved.
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Table 1
Description of the 4 categories of shock.

Cardiogenic Hypovolemic

Dysrhythmias – extreme
bradycardia or tachycardia

Acute coronary syndrome
Acute myocarditis
Cardiomyopathies
Post traumatic myocardial injury
Valvular heart disease

Haemorrhagic, trauma – external hemorrhage,
intrathoracic, intraabdominal, pelvis and
retroperitoneal, long bones
Haemorrhagic, non-trauma – gastrointestinal
(UGIB, LGIB), ruptured ectopic pregnancy,
ruptured AAA
Non-haemorrhagic – diarrhoea, vomiting, heat
stroke, excessive sweating

Distributive Obstructive
Neurogenic shock (high spinal
cord transection)

Anaphylactic shockb

Septic shocka

Tension pneumothorax
Pericardial tamponade
Pulmonary embolism

a Also has an associated 1) hypovolemic component as a result of widespread capillary
leak of fluid into the extravascular compartment secondary to cytokine release and loss of
the endothelial glycocalyx and 2) cardiogenic component secondary to cytokinemediated
myocardial depression.

b Also has an associated hypovolemic component as a result of widespread capillary
leak of fluid into the extravascular compartment.
1. Introduction

Hemodynamic monitoring (HDM) is a key component in the ef-
fective management of the critically ill patient. Over the past decade,
there have been significant advances in HDM techniques and devices
with regards their application in the intensive care unit (ICU) and
operating room settings. With the progress and development of
emergency medicine globally, an increasing emphasis has been
placed on employing accurate diagnostic techniques capable of guid-
ing the early management of the undifferentiated critically ill patient
presenting to the emergency department (ED). Coinciding with the
turn of the century, there has been increasing emphasis on institut-
ing early management for a number of ED presentations regarded
as “time dependent”. Idioms such as the golden hour [1], early-
goal-directed-therapy (EGDT) [2], time is muscle [3] and time is
brain [4] have been promulgated to emphasize the importance of
timely management of trauma, sepsis, ST elevation myocardial in-
farction and stroke patients presenting to the ED.

Despite the fact that a substantial proportion of individuals undergo-
ing stabilization in the ED resuscitation roomultimately require ongoing
care in the ICU setting [5], the applicability and role of various HDM
techniques and their application in the ED environmenthave been poor-
ly defined. Whilst the ED is regarded as the gateway to hospital admis-
sion [6], the ED resuscitation room may be regarded as the doorway to
the ICU. Good overall patient outcomes are dependent on timely appro-
priate management of the critically ill patient in the ED. As a result, ad-
vanced monitoring and interventional tools which were previously
regarded the niche of the ICU and operating room environments, have
been introduced to the ED. However, bearing in mind challenges and
limitations specific to the ED setting the accuracy, reliability, applicabil-
ity, invasiveness, cost and user friendliness of available HDM devices
must be taken into account prior to implementation [7-9].

At its core, HDM is concerned with two fundamental entities within
the human circulatory system, oxygen delivery (DO2) and oxygen con-
sumption (VO2) where DO2 (ml O2/min)= CO × Hb × 1.34 × SaO2 and
VO2 (ml O2/min)= CO×Hb× 1.34× (SaO2− SvO2). CO= cardiac out-
put inml/min, Hb=haemoglobin in g/100ml, SaO2=percentage of ar-
terial oxygen saturation and SvO2 = percentage of mixed venous
oxygen saturation [10,11]. An increase in DO2 is likely in volume-
responders whilst non-responders may actually display a drop in DO2

as a consequence of the hemodilutory effects of volume infusion [12].
In essence, the concept of HDM is primarily concerned with

assessing the performance of the cardiovascular system and its ability
to deliver sufficient oxygen to meet the metabolic demands of the
body [13]. The value of HDM in the ED is threefold in that it is useful
in identifying the presence and nature of shock, secondly it guides ap-
propriate therapeutic interventions and finally it provides an assess-
ment tool for response to therapy [14,15]. For HDM to be truly
effective in the ED setting various techniques, methods, interventions
and technological advances coupled with a sound clinical approach to
basic hemodynamic monitoringmust be incorporated prior to selecting
the optimal modality [8,15]. An understanding of the manner in which
the reading is derived, as well as the accuracy of the device in specific
clinical scenarios is paramount [16].

In this article the spectrum of haemodynamic monitoring tech-
niques ranging from basic clinical examination to advanced invasive
monitoring as well as their practicality and applicability to the ED envi-
ronment is reviewed.
2. Shock

Shock can be defined as the inadequate delivery and utilization of
oxygen at the cellular level. The various categories of shock determining
management principles include cardiogenic, hypovolemic, distributive
and obstructive subtypes (Table 1) [17]. The goal of intervention follow-
ing hemodynamicmonitoring is to achieve an increase in cardiac output
with a subsequent improvement in tissue oxygenation. A sensible man-
agement approachwould be to identify and treat abnormalities in order
of firstly correcting any cardiac rate and rhythm disturbances, then
optimising intravascular volume and systemic vascular resistance and
finally attending to myocardial pump function and obstruction related
disturbances. HDMaims to assess these elements anddetermine the ap-
propriate choice of therapy (Fig. 1) [18-20].
3. Understanding the role offluids in light of the frank starling curve

An initial fluid bolus is a frequent reflex response amongst clinicians
faced with a victim in circulatory shock. However, as a consequence of
shock related microcirculatory and cellular dysfunction, just half the
number of individuals receiving a fluid bolus are expected to respond
with a corresponding increase in DO2 (volume responders) and only



Fig. 1. Stepwise management of the undifferentiated patient presenting with shock to the ED. Each step must be attended to before proceeding to the next step.

1337A.E. Laher et al. / American Journal of Emergency Medicine 35 (2017) 1335–1347
half of DO2 responders will display a corresponding increase in oxygen
consumption (VO2) [12].

It must be understood that fluid depletion does not necessarily
equate to fluid responsiveness [19]. From the frank-starling curve
(Fig. 2) [21], it can be understood that a fluid depleted individual
Fig. 2. The Frank-Starling curve. A shocked patient on the STEEP portion of the curve will respo
output (B). A shocked patient on the FLAT portion of the curve will NOT respond to a fluid bol
Hence fluid overload and oedema will result as a consequence of fluid administration in this p
who is on the steep portion of the curve will respond to a fluid
bolus with a corresponding increase in CO and DO2, whereas a
fluid depleted individual who is on the flat portion of the curve
will not respond to a fluid bolus with no improvement in CO or
DO2 but rather a worsening of oedema [22] and even mortality
nd to a fluid bolus with an increase in LVEDP (A) that translates to an increase in cardiac
us. Despite an increase in LVEDP (A1), there is a negligible increase in cardiac output (B1).
atient.



Fig. 3.The receiver operating curve, a statistical tool that compares the true positive rate (sensitivity) versus the false positive rate (1-specificity) of variousmeasured and derived variables
of interest. For an area under the curve (AUC) of 0.5, the true positive rate is equal to the false positive rate which renders the test worthlessness and is synonymous to flipping a coin. An
AUC of b0.8 is inadequate, whereas an AUC of N0.9 is associated with very good accuracy.
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[23,24]. This places a high level of importance on hemodynamic
monitoring as a tool to accurately determine a patients fluid status
and ongoing requirements whilst at the same time preventing
fluid overload [13,25].

The receiver operating curve (ROC) is a statistical tool that is useful
to determine the reliability of various measured and derived variables
in predicting fluid responsiveness. The true positive rate, also referred
to as the probability of detection or sensitivity, is plotted against the
false positive rate (1 – specificity), which is also known as the probabil-
ity of a false alarm. An area under the ROC (AUROC) of 0.5 implies that
the true positive rate is equal to the false positive rate which renders
the test worthless and is synonymous to flipping a coin. AUROC
values N 0.8 or 0.9 imply adequate or very good accuracy of themonitor-
ing technique (Fig. 3) [26].
4. Predicting fluid responsiveness

Response to a fluid bolus can be predicted by 1) determining the
degree of change in various measured or derived variables in re-
sponse to variations in the respiratory cycle (inspiration and expira-
tion). These variables are generally determined by means of invasive
monitoring devices in fully ventilated patients. 2) Measuring the
percentage increase in other measured or derived variables that are
generally determined with the use of less invasive monitoring de-
vices in response to a passive leg raise (PLR) maneuver. Table 2 sum-
marizes the reliability of various variables that may be obtained with
invasive and non-invasive monitoring devices and their ability to
predict fluid responsiveness.
4.1. Respiratory variation

With an increase in intrathoracic pressure during inspiration in the
mechanically ventilated patient, venous return and stroke volume are
both diminishedwhen compared to the expiratory phase of respiration.
The difference is usually b10%, however under certain conditions in the
volume depleted patient, larger differences in various measured vari-
ables that include pulse pressure variation (PPV), systolic pressure var-
iation (SPV) and stroke volume variation (SVV) are able to predict fluid
responsiveness with varying degrees of accuracy [27]. Conditions that
limit the routine use of devices that are capable of determining these
variables include the fact that the patient must be paralyzed, fully ven-
tilated with a tidal volume N 8 ml/kg and have a set RR b 17 breaths per
minute. Validity of these variables are further compromised in patients
with dysrhythmias, severe peripheral vascular disease, aortic valvular
regurgitation, pronounced vasoconstriction or vasodilation, right ven-
tricular failure, pericardial tamponade or constriction and raised intra-
abdominal pressure [28,29].

Based on the above limitations and the need for an invasive monitor-
ing device that generally requires both arterial and central venous access
to determine these respiratory variation based indices (PPV, SPV, SVV),
this method may be less feasible and applicable to most ED settings. The
use and validity of these devices and techniques are described below.
4.2. Passive leg raising

By placing the patient in a supine position and then passively raising
both legs to a 30–45° angle above the horizontal plane for a 30–90 s
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period induces a reversible auto-transfusion of approximately 300ml of
blood from the lower extremities to the heart, causing an increase in left
ventricular preload and thereby challenging the Frank-Starling curve.
This method is contra-indicated in patients with underlying abdominal
hypertension and lower extremity trauma [30,31].

An increase in cardiac output (CO), velocity time integral (VTI), aor-
tic blood flow velocity, carotid artery blood flow time or end-tidal CO2

(ETCO2) at the end of a PLR maneuver has been shown to predict re-
sponse to a fluid bolus in patients with spontaneous breathing activity.
In a recent meta-analysis that included 991 adult patients from twenty-
one studies, the pooled AUROC was 0.95 ± 0.01 (sensitivity 85%, speci-
ficity 91%) for a passive leg raise (PLR) induced change in cardiac
output ≥ 10± 2%, whereas the pooled AUROC for a PLR induced change
in pulse pressure (PP) was only 0.77 ± 0.05 (sensitivity 56%, specificity
83%). The authors concluded that PLR-induced changes in CO are very
reliable in predicting a response to a fluid bolus and whilst the specific-
ity of a PLR-induced change in PP remains acceptable, the sensitivity is
poor [32]. Table 2 mentions the details of 3 studies that have demon-
strated the reliability of VTI in predicting fluid responsiveness [33-35].

A study comprising 79 subjects including patients with spontaneous
breathing activity and cardiac rhythm disturbances showed that a PLR-
induced increase in aortic blood flow velocity ≥ 10% predicted response
to a fluid bolus with a sensitivity of 97% and specificity of 94% [31].
Changes in carotid artery blood flow time (FTc) in response to a
PLR have also shown promise in predicting volume responsiveness
[36-39]. One of these studies conducted in 70 healthy blood donors
with a mean blood loss of 452 ml showed a mean percentage increase
in corrected carotid artery flow time of 8.3% after a PLR-maneuver was
predictive of fluid responsiveness [36]. A PLR-induced increase in
ETCO2 N 5% was associated with a sensitivity of 71% and specificity of
100% for predicting fluid responsiveness in 65 spontaneously breathing
individuals [40]. Another smaller study in patients undergoing fixed
mechanical ventilation, showed that a PLR-induced increase in
ETCO2 N 5% was associated with an AUROC of 0.97 [41].

The PLR is an easy to performmaneuver that requiresminimal train-
ing. However the PLR must be interpreted in conjunction with changes
in CO, VTI, aortic blood flow velocity, carotid artery flow time or ETCO2.
The accurate determination of CO generally requires the use of invasive
monitoring devices that require both arterial and central venous access
and are therefore less applicable to the ED. Other methods of determin-
ing CO that are more applicable to the ED setting and require minimal
training, although accuracy and validity are questionable include finger
basedmonitoringdevices and bioreactance. VTI, aortic bloodflowveloc-
ity and carotid artery flow time are all determined by Doppler ultraso-
nography, however operator dependency and the associated steep
learning curve limit its widespread use [42]. ETCO2 can be easily deter-
minedwith continuouswaveform-capnography devices that are gener-
ally available in the ED. The use and validity of these devices and
techniques are described below.

5. Currently available hemodynamic monitoring devices

Currently available methods for assessing hemodynamic status and
predicting fluid responsiveness in the shocked patient range from sim-
ple to complex and include clinical assessment, serial biomarker inter-
pretation, blood pressure (BP) monitoring, ultrasonography,
bioreactance (NICOM™) monitoring (Cheetah Medical, Portland, OR,
USA) and other non-invasive methods such as pulse oximeter plethys-
mography waveform analysis (e.g. Masimo Corporation, Irvine, CA,
USA), pulse oximeter based continuous cardiac output monitoring
(esCCO™, Nihon Kohden, Japan), finger cuff based hemodynamic mon-
itoring (ClearSight™, Edwards Lifesciences, Irvine CA, USA), minimally
invasive methods such as central venous pressure (CVP) assessment,
the FloTrac/Vigileo™ System (Edwards Lifesciences, Irvine CA, USA),
the COstatus™ (transonic systems, Ithaca, NY, USA) and more invasive
methods such as the Pulmonary Artery Catheter (PAC), the Pulse
index Continuous Cardiac Output (PiCCO™) system (Pulsion Medical
Systems SE, Munich, Germany), the Lithium Dilution Cardiac Output
(LiDCO™) system (LiDCO Ltd., Cambridge, UK), and the Volume View/
EV 1000™ system (Edwards Lifesciences, Irvine CA, USA) [43-54].

The accuracy, reliability, validity and applicability vary with each of
the above devices and methods. Choice of monitoring technique must
be individualized and is dependent on the underlying patient pathology
(e.g. dysrhythmias, right ventricular failure), whether the patient is fully
ventilated or spontaneously triggering ventilator breaths or not-
ventilated, the invasiveness of themonitoring technique, clinician expe-
rience and whether dynamic (continuous) or static monitoring is re-
quired [16,19,55].

6. Assessing hemodynamic status non-invasively

6.1. Clinical assessment and serial biomarker measurements

A clinician's auditory, visual and tactile assessment of a patient con-
stitutes hemodynamic monitoring at its most basic, non-invasive level.
In the majority of cases a goal directed history, clinical examination
and basic bedside monitoring are adequate in determining appropriate
management of the shocked patient (Fig. 2). Whilst these elements are
subjective and have variable accuracy and precision as definitive diag-
nostic tools, they pave the way in choosing the appropriate HDM tech-
nique and device.

Prior to the administration of fluids, the clinicianmust assess for the
presence of oedema. Stevenson and Perloff in 1989 showed that a com-
bination of peripheral oedema, pulmonary oedema or a raised jugular
venous pressure was associated with a specificity of 100% and sensitiv-
ity of 58% for predicting fluid overload [56]. Most other clinical findings
including an inadequate urine output and a derangement in the level of
consciousness are inaccurate indicators of tissue perfusion as a result of
the common presence of various confounding pathologies including
acute kidney injury, the presence of drugs and other medications
and other co-morbid pathologies in the critically ill patient population
[57,58].

Serial measurements of circulatory system biomarkers such as the
mixed venous oxygen saturation (SVO2) and lactate are useful indicators
of the adequacy of tissue oxygenation. A lowSVO2may suggest the pres-
ence of a low CO state, anaemia, hypoxaemia or an increase in oxygen
consumption, whereas supranormal SVO2 levels in septic patients may
actually reflect maldistribution of blood flow or inadequate mitochon-
drial oxygen utilization and may in fact be associated with poorer out-
comes [59,60]. Lactate has been shown to be more useful than SVO2 in
identifying patients that may benefit from the administration of fluid
[61,62].

6.2. Blood pressure monitoring

A “normal” BP is commonly regarded as a systolic/diastolic pressure
of 120/80 mm Hg, which equates to a mean arterial pressure (MAP) of
94 mm Hg. International sepsis guidelines recommend a target MAP
of N65 mm Hg in patients with severe sepsis and septic shock [63]
and theMAP's to achieve adequate abdominal, cerebral and renal perfu-
sion pressures have been recommended as above 60mmHg, 70mmHg
and 85 mm Hg respectively [64-66], whereas geriatrics generally have
higher blood pressure readings with an upward shift in the auto-
regulatory range [67]. These inconsistencies and other limitations [68,
69] render blood pressure monitoring a poor HDM tool and rather inac-
curate in predicting end organ perfusion and fluid responsiveness.

Furthermore the clinicianmust exercise caution in the following two
scenarios where the true perfusion pressure is underestimated by the
observed MAP. Firstly when there is an increase in extravascular pres-
sure such as in individuals with a raised intracranial pressure, abdomi-
nal hypertension or a limb compartment syndrome and secondly in
individuals with a significant increase in right atrial pressure which



Table 2
Summary of the reliability of various variables obtainable with invasive and non-invasive monitoring devices and their usefulness in predicting fluid responsiveness.

Variable Reliability for determining fluid
responsiveness

Study population Advantages / limitations of technique or device

Variables obtained through non-invasive monitoring methods

Blood pressure monitoring
ΔMAP, ΔPP Poor correlation (r=0.52 and r=0.56

respectively) for predicting fluid responsiveness [69]
Cuff size, site of measurement and
correct application of cuff impact
measurements obtained.
Oscillometric based devices are less
accurate at higher and lower extremes [68]
For intra-arterial monitoring; calibration,
leveling, zeroing and the absence of kinking,
air bubbles or other obstructions must be
ensured [69]

Ultrasonography
Respiratory variation induced ultrasonographic changes
Δ aortic blood flow (L/min) N18% Sensitivity 90%, Specificity 94%, AUROC 0.93 38 fully ventilated patients without dysrhythmias [86]. Static.

Ultrasonography is operator dependent
and has a steep learning curve.
Patients must be fully ventilated.
Unreliable in the presence of arrhythmias.

Δ aortic blood flow time corrected for HR (FTc) (ms) Sensitivity 55%, Specificity 94%, AUROC 0.76 38 fully ventilated patients without dysrhythmias [86]. As above
Δ peak aortic blood flow velocity (m/sec) N12% Sensitivity 100%, Specificity 89% 19 sedated and ventilated patients [87]. As above
Δ left ventricular end diastolic area (m2) Poor correlation (r2 = 0.11) for predicting

fluid responsiveness [87].
As above

Δ inferior vena caval (IVC) diameter 1) N12% distensibility on expiration: PPV 93%,
NPV 92% [88]
2) N18% distensibility on expiration: Sensitivity
90%, Specificity 80% [89]

1) 39 fully ventilated patients [88].
2) 23 fully ventilated patients [89].

Static.
Ultrasonography is operator
dependent and has a steep learning curve.
In the spontaneously breathing patient,
changes in IVC diameter correlates with
CVP readings but not fluid
responsiveness [90,91]

Δ superior vena caval (SVC) collapsibility N 36% on inspiration Sensitivity 90%, Specificity 100% 66 fully ventilated patients [92]. As above
Passive leg raise (PLR) induced ultrasonographic changes
Δ subaortic velocity time integral (VTI) N12% 1) Sensitivity 77%, Specificity 100%, AUROC 0.96 [33]

2) Sensitivity 69%, Specificity 89%, AUROC 0.90 [34]
1) 24 spontaneously breathing patients [33].
2) 34 spontaneously breathing patients [34].

Static.
Can be used in spontaneously
breathing patient
but not in the presence of arrhytmias.

Δ carotid artery VTI N20% Sensitivity 94%, Specificity 86% 34 spontaneously breathing patients [35]. As above
Δ carotid artery blood flow time (FTc) (ms) N5% Sensitivity 66%, Specificity 77% 70 spontaneously breathing blood donors [36]. As above

Bioreactance (NICOMTM device)
PLR induced increase in CO/SV 1) Sensitivity 88%, Specificity 100% [93].

2) Sensitivity 94%, Specificity 100% [35].
3) AUROC ± 0.5 [44].

1) 75 post cardiac surgery patients [93].
2) 34 spontaneously breathing patients [35].
3) 48 spontaneously breathing patients [44].

Dynamic.
Can be used in the spontaneously
breathing patient and also in the
presence of arrhythmias.
Use is limited by inconsistent evidence.

Finger based monitoring devices
Plethysmographic waveform analysis (e.g. MasimoTM)
Variation in plethysmographic waveform amplitude (Δ POP) Sensitivity 85%, Specificity 85%, AUROC 0.89 Meta-analysis of160 fully

ventilated patients in sinus rhythm [94].
Dynamic.
Except for esCCOTM, the patient must
be fully ventilated with a tidal volume
of at least 8 ml/kg.
Pulse oximeter based waveform analysis
is dependent on peripheral perfusion which
is decreased in hypothermia, shock,
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edema and vasoconstrictor therapy.
These imitations are
frequent findings in patients most require
hemodynamic monitoring.

Increase in plethysmographic variation index (PVI) Sensitivity 83%, Specificity 89%, AUROC 0.95 Meta-analysis of 173 fully ventilated
patients in sinus rhythm [94].

As above

Increase in PVI N19% Sensitivity 94%, Specificity 87%, AUROC 0.97 31 ventilated and sedated patients
in the ED [95].

As Above

estimated Continuous Cardiac Output (esCCOTM) monitor
Continuous cardiac output monitoring Inconsistent results mostly showing poor reliability,

precision and correlation when
compared to established methods [46,101-105]

As Above

ClearSightTM

ΔPPV, ΔSVV 1) AUROC 0.57 and 0.50 [106]
2) Good correlation, r=0.88 and r=0.87 [107]

1) 45 ventilated patients following
cardiac surgery [106].
2) 19 post-operative fully ventilated
patients [107].

As above

Mini-fluid challenge
ΔCO, ΔSVV, ΔPPV after 100ml colloid bolus over 1 minute CO, AUROC 0.78

SVV, AUROC 0.91
PPV, AUROC 0.92

49 ventilated (b8ml/kg) and
deeply sedated patients without
dysrhythmias [110].

Static.
Can’t be performed in the presence of
arrhythmias. Patients must be deeply
sedated and mechanically ventilated.
The measurement of VTI is operator
dependent.

ΔVTI, ΔPPV after 100ml colloid bolus over 1 minute VTI, AUROC 0.90
PPV, AUROC 0.55

39 ventilated and sedated patients [109]. As above

End-expiratory occlusion test
ΔC0 N5% after 15s end expiratory occlusion AUROC 0.97 34 ventilated patients with

dysrhythmias and some
spontaneous breathing activity [[111].

Static.
Can be performed in pts with arrhythmias

Variables obtained through invasive monitoring methods
CVP AUROC 0.55 Meta-analysis of 685 patients from 29 studies [27]. Dynamic.

Poor marker of fluid status
and poor marker of fluid responsiveness.

GEDVI AUROC 0.56 Meta-analysis of 685 patients from 29 studies [27]. Static.
Good marker of fluid status, but poor
marker of fluid responsiveness.
Thermodilution is inaccurate in the
presence of intrathoracic hemorrhage
and intra-cardiac shunts.

LVEDAI AUROC 0.64 Meta-analysis of 685 patients from 29 studies [27]. As above
ΔSVV N±11-13% AUROC 0.84 Meta-analysis of 685 patients from 29 studies [27]. Dynamic.

Patient must be fully ventilated
with a tidal
volume of at least 8 ml/kg and a
RR b 17bpm.
Validity is compromised in patients with 1)
arrhythmias 2) severe peripheral vascular
disease 3) AV regurgitation 4) pronounced
vasoconstriction / vasodilation 5) RV failure 6)
pericardial tamponade / constriction 7) raised
intra-abdominal pressure

ΔSPV N±11-13% AUROC 0.86 Meta-analysis of 685 patients from 29 studies [27]. As above
ΔPPV N±11-13% AUROC 0.94 Meta-analysis of 685 patients from 29 studies [27]. As above
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can no longer be ignored in the MAP equation (MAP = (CO × SVR) −
RAP) [68].

As a result of unpredictable changes in arterial compliance and pulse
wave amplification, especially in critically ill patients, variables such as
MAP and pulse pressure (PP) (PP = SBP − DBP) are unable to reliably
predict fluid responsiveness [69,70]. Therefore, although better than
nothing, monitoring of SBP, DBP, MAP and PP are only crude indicators
of end organ perfusion and must be augmented with clinical findings
and other methods of hemodynamic monitoring in the sick patient.

6.3. Ultrasonography

Point of care ultrasound imaging is nowwidely regarded as a part of
the furniture and armamentarium of the emergency department (ED)
[71,72]. Despite the drawback of it being operator dependent and its as-
sociated steep learning curve [42], ultrasound imaging is still an appeal-
ing tool for HDM due to the fact that it is non-invasive, safe, free of
ionizing radiation and can be performed at the bedside [73]. In the
past decade there have been significant strides in the application of ul-
trasonography in the field of hemodynamic monitoring.

Various protocols describing the ultrasongraphic assessment of the
circulatory systemhave been described [74-81]. Thefindings of regional
wall motion abnormalities (RWMA), a poorly contractile myocardium,
low ejection fraction, dilated cardiac chambers, valvular stenosis, regur-
gitations and the presence of comet tail artifacts or “B-lines” suggest a
cardiogenic aetiology, whereas an absence of lung sliding and comet
tail artifacts with the presence of a lung-point sign on lung ultrasonog-
raphy may suggest a missed tension pneumothorax [82].

Ultrasonographic features suggesting the need for urgent drainage
of a pericardial tamponade include a dilated inferior vena cava (IVC),
systolic collapse of the right atrium for more than a third of the cardiac
cycle and diastolic collapse of the right ventricle [83]. Diagnostic criteria
suggesting pulmonary embolism include dilatation of right sided cardi-
ac chambers, elevation of pulmonary artery pressures andmural throm-
bi on transthoracic views [84] as well as features of deep vein
thrombosis (DVT) on limited compression ultrasonography (LCUS)
[85] whereas in trauma patients the presence of fluid in the pleural
and abdominal cavities suggests the presence of hemorrhagic shock
[76].

With regards to the application of ultrasonography in predicting
fluid responsiveness, various methods using 2-dimensional, motion
(M) or Doppler modes of imaging have been described that predomi-
nantly assess the variation in blood flow and blood flow velocity with
the respiratory cycle. Variables described include the degree of variation
in aortic bloodflow (l/min), aortic blood flowvelocity (m/s), peak aortic
blood flow velocity (m/s), carotid artery blood flow time (ms), and vena
caval diameter (mm). Changes in the velocity time integral (VTI) which
is a surrogatemeasure of stroke volume after a passive leg raisemaneu-
ver or fluid bolus have also been shown to predict fluid responsiveness.
In the spontaneously breathing patient changes in the IVC diameter cor-
relate with CVP measurements but not fluid responsiveness. Reliability
of the above methods are presented in Table 2 [33-36,86-92]. Some of
these variables are more accurately assessed with trans-esophageal ul-
trasonography which is an invasive technique requiring specialized
training [86].

6.4. Bioreactance

Bioreactance continuouslymeasures the time delay (phase shift) be-
tween the electrical current that is applied to the thorax and voltage
that is returned. These phase shifts correlate with aortic blood volume
and are used to determine stroke volume. The NICOM™ monitor pro-
vides continuous, non-invasive hemodynamic monitoring via 4 sensor
pads applied over the thorax. Current evidence to support its routine
use is inconsistent (Table 2). Whilst some studies have proven the
NICOM™ monitor reliable in determining CO and fluid responsiveness
when coupled with a PLR maneuver [35,93], Kupersztych-Hagege and
colleagues demonstrated an AUROC of just over 0.5 and concluded
that the NICOM™ device was inaccurate in estimating CO or predicting
fluid responsiveness when coupled with a PLR test [44]. Large scale ED
based studies are required prior to defining its role in this setting.

6.5. Finger based monitoring devices

With regard to pulse oximeter derived plethysmographic waveform
analysis; both the respiratory variation in the plethysmographic wave-
form amplitude (ΔPOP) and the plethsmographic variability index
(PVI) have shown promise in predicting fluid responsiveness. Sandroni
and colleagues in their meta-analysis that included 10 studies reported
a pooled AUROC of 0.89 and 0.95 for the ability of ΔPOP and PVI in
predicting fluid responsiveness [94]. More recently, Feissel and col-
leagues reported an AUROC of 0.90 for PVI in an ED based study that
looked at patients in the early phase of septic shock [95]. The need for
patients to be fully ventilated with no spontaneous respirations and a
tidal volume of at least 8 ml/kg limits its usefulness in the ED environ-
ment [96]. Other limitations relate to the fact that pulse oximeter
based waveform analysis is dependent on peripheral perfusion which
is commonly affected by hypothermia, shock, vasoconstrictor agents
and the site of measurement [97-99]. These limitations are generally
more common in patients actually requiring HDM. In another study,
probes placed on the ear lobe or forehead where changes in vascular
tone are less variable, were shown to be more accurate in predicting
fluid responsiveness then finger based probes [100].

The estimated continuous cardiac output (esCCO™) monitoring de-
vice continuously estimates cardiac output by determining the pulse
wave transit time (PWTT) (time taken for blood from the heart to
reach the finger-tip) which is measured as the time between the peak
of the electrocardiogram (ECG) R-wave and the oximeter pulse wave
rise point seen at the finger-tip. Since measurements of PWTT depend
on peripheral perfusion, the limitations of plethysmographic waveform
analysismentioned above are also applicable here. Various studies in re-
cent years have reported inconsistent results with most reporting poor
reliability, precision and correlation when compared to established
methods [46,101-105].

The ClearSight™ device continuously measures BP, CO, SVV and PPV
via an inflatable finger cuff. As with pulse oximeter plethysmography
and esCCO™, there is inconsistent evidence supporting its reliability, es-
pecially in patients with poor peripheral perfusion, hypothermia and
peripheral oedema [47,106,107].

6.6. The mini-fluid challenge

An increase in the ultrasonographic VTI after administering a small
volume of fluid (100 ml) can predict fluid responsiveness without the
detrimental effects associated with large fluid boluses [108]. Muller
and colleagues demonstrated that an increase in VTI of N10% after a
100 ml colloid bolus over 1 min proved reliable in its ability to predict
fluid responsiveness (AUROC 0.92) [109]. Another study that included
29 patients that were challenged with a 100 ml colloid bolus demon-
strated an AUROC of 0.90 for predicting an increase in VTI. In the same
study, fluid induced changes in pulse pressure variation (PPV) did not
prove reliable (AUROC 0.55) [110]. However the mini-fluid challenge
test is restricted to deeply sedated andmechanically ventilated patients
without cardiac dysrhythmias.

6.7. The end-expiratory occlusion test

Interruption of the respiratory cycle at the end of expiration will
avert the expected cyclical changes in venous return and cardiac output.
A study that included 34 mechanically ventilated patients with dys-
rhythmias and some spontaneous breathing activity showed that a 5%
increase in CO after a 15 s end-expiratory holdmaneuverwas predictive
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of fluid responsiveness with an AUROC of 0.97 [111]. The end-
expiratory occlusion test together with ultrasonography and the mini-
fluid challenge are static hemodynamicmonitoringmethods in contrast
to bioreactance monitoring systems and finger based monitoring de-
vices which allow for continuous monitoring.

7. Invasive hemodynamic monitoring devices

7.1. Central venous pressure monitoring

CVP is a useful marker of right ventricular function but has no value
in predicting fluid responsiveness in the critically ill patient. This is be-
cause CVP is influenced by frequent and unpredictable changes in
vascular tone, intra-thoracic pressure, ventricular compliance andmyo-
cardial geometry in the critically ill patient [112-116]. In ameta-analysis
that included 803 patients from 24 studies, a meager 16% of patients
responded to a fluid bolus with the pooled AUROC of just 0.56 for the
ability of CVP to predict fluid responsiveness. The authors concluded
that neither a high, normal or low CVP, nor the response of CVP to
fluid loading should be utilized to guide the fluid management strategy
of any patient [48]. Despite the evidence, sepsismanagement consensus
guidelines continue to advocate the use of CVP measurements in guid-
ing fluid administration [63,117].

7.2. Pulmonary artery catheter

Since its introduction in the 1970's, the pulmonary artery catheter
has been widely used as a diagnostic tool in critically ill patients.
Based on the principle of thermodilution, CO and other variables are es-
timated by measuring the temperature in the pulmonary artery after
injecting a bolus of a cold saline solution into the right atrium. Insertion
of a PAC has a steep learning curve and can be rather challenging with
complications that include pulmonary infarction and hemorrhage, rup-
ture of the balloon tip and cardiac arrhythmias [118]. Ameta-analysis of
13 pooled studies that included 5686 patients concluded that the use of
the PACwasnot associatedwithmortality, ICU length of stay (LOS), hos-
pital LOS, or cost benefits [51]. Hence the PAC has largely been replaced
by modern less-invasive HDM devices that are discussed below.

7.3. Modern invasive HDM devices

These devices require a CVP catheter as well as an intra-arterial line
to allow for continuous hemodynamic monitoring. Peripheral intra-
arterial lines are sufficient when using the FloTrac/Vigileo™, COstatus™
and LiDCO™ devices, whereas the PiCCO™ andVolumeView/EV 1000™
are more invasive and require the placement of a femoral intra-arterial
line [29].
Table 3
Summary of available invasive modalities.

Modality Variables Method o
such as C

Central venous pressure (CVP) catheter CVP, SCVO2

Pulmonary artery catheter (PAC) CVP, SVO2, PAP, RVEDP,
LVEDP (PCWP), SV, CO

Thermodi

FloTrac™ SV, CO, SVV, SVRI Pulse con
COstatus™ SV, CO, SVRI Ultrasoun
Lithium dilution cardiac output (LiDCO™) SV, CO, PPV, SPV, SVV, SVRI Lithium d
Pulse index continuous cardiac output (PiCCO™) SV, CO, EVLW, GEDVI, ITTV,

ITBV, PBV, SVV, SVRI.
Thermodi

Volume View/EV 1000™ SV, CO, EVLW, GEDVI, ITTV,
ITBV, PBV, SVV, SVRI.

Thermodi

CVP – central venous pressure; SCVO2 – central venous oxygen saturation SVO2 –meanvenous ox
pressure; LVEDP – left ventricular end-diastolic pressure; PCWP – pulmonary capillary wedge
stroke volume variation index; PPV – pulse pressure variation; SPV – systolic pressure variati
index; ITTV – intra-thoracic thermal volume; ITBV – intra-thoracic blood volume; PBV – pulmo
All of these devices have the ability to continuously estimate COwith
varying degrees of accuracy. With the FloTrac/Vigileo™ device, CO
is calculated using an algorithm based on the pressure recording analyt-
ical method (PRAM) which assumes the patients vascular compliance
and elastance based on weight, age, sex and height. Hence CO values
are less accurate in situationswhere there aremajor changes in vascular
compliance, in patients with underlying aortic regurgitation and where
there is an over or under dampening of the arterialwaveform [119]. The
COstatus™ estimates CO bymaking use of ultrasound technology to de-
termine changes in blood flow and velocity after injecting warm saline
[120].

The LiDCO™ device which is based on the lithium dilution method,
determines the changes in lithium concentration after injecting small
amounts of lithium chloride to intermittently estimate CO [121], where-
as the PiCCO™ and the Volume View/EV 1000™ utilize the principles of
transpulmonary thermodilution by determining downstream tempera-
ture changes after injecting ice-cold saline in the femoral vein.
Thermodilution derived variables have their limitations and are inaccu-
rate in the presence of an intracardiac shunt or intrathoracic hemor-
rhage [119,122].

The LiDCO™, PiCCO™ and Volume View/EV 1000™ devices are also
capable of continuously estimating cardiac output based on arterial
pressure waveform analysis. The LiDCO™ and PiCCO™ employ the
pulse power analysis and pulse contour analysis methods respectively,
whereas the Volume View/EV 1000™ can be linked to the FloTrac/
Vigileo™ or ClearSight™ devices to continuously measure CO. After
changes in vascular compliance, these devices require calibration via
the measurement of CO with the various dilution methods described
above [28,29].

In addition to estimating CO, other useful parameters that may be
determined by the above devices include stroke volume (SV), extravas-
cular lung water index (EVLWI), global end diastolic volume index
(GEDVI), stroke volume variation (SVV), systolic pressure variation
(SPV), pulse pressure variation (PPV), systemic vascular resistance
index (SVRI) and SCVO2 (Table 3). Of these variables, SVV, SPV and
PPV have been proven useful in predicting fluid responsiveness (Table
2) [27]. EVLWI is a measure of pulmonary interstitial and alveolar
space fluid accumulation (pulmonary oedema) and has prognostic im-
plications [123,124].

8. Does HDM improve patient outcomes

Despite recent advances, there is still considerable debate with re-
gard to overall outcomes and benefit with the implementation of
HDM devices [15,125,126]. In the critically ill patient, various other fac-
tors such as irreversible cellular injury and the inability to utilize oxygen
at the tissue level impact outcomes [12]. In fact the Pulmonary Artery
Catheter which for a long time was regarded the standard in HDM,
f determining variables
O, SVV, PPV, EVLWI, GEDVI

Invasiveness

CVP catheter
lution Pulmonary artery catheter

tour analysis Requires peripheral arterial line and CVP catheter
d technology and blood flow Requires peripheral arterial line and CVP catheter
ilution and pulse power analysis Requires peripheral arterial line and CVP catheter
lution and pulse contour analysis Requires femoral arterial line and CVP catheter

lution and pulse contour analysis Requires femoral arterial line and CVP catheter

ygen saturation; PAP – pulmonary artery pressure; RVEDP– right ventricular end-diastolic
pressure; SV – stroke volume; CO – cardiac output; SVV – stroke volume variation; SVRI –
on index; EVLW – extra-vascular lung water index; GEDVI – global end-diastolic volume
nary blood volume.
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has now fallen out of favor due to its failure to show clinical outcome
benefit [51]. A drawback of current HDM devices is their inability to
monitor the microcirculation [127]. Recent advances in sublingual
hand held microcirculatory monitoring devices have shown promise
in this regard [128], however its value with regards outcome benefit is
not yet known. Large scale randomized trials are required to measure
the true impact of current and newer HDM systems [129].

9. Implementation, practical application and future direction of
HDM in the emergency department

HDM devices and techniques have predominantly been designed
and described for use in the ICU environment. Invasive devices such as
the FloTrac/Vigileo™, COstatus™, LiDCO™, PiCCO™ and Volume View/
EV 1000™ are frequently available in the ICU setting. Unlike the ICU,
Fig. 4. An approach to hemodynamic monitoring from
most ED's currently do not have the capacity and capabilitywith respect
to experience, manpower and equipment to implement these invasive
HDM devices. However, with appropriate training, simple techniques
and devices such as the PLR maneuver coupled with ultrasonography
or ETCO2 monitoring is well within the realms of the ED clinician.
Considering the complexity of most of these devices, one might
argue that their use be restricted to academic centers. However,
there is no reason that these modalities should not be implemented
in non-academic centers that frequently manage complex clinical
cases provided they have personnel with the appropriate expertise
and training.

The emergency department is a busy, pressured environment and
often an extension of the intensive care environment. An ideal hemody-
namicmonitoring devicewould be one that is reliable, validated, easy to
use, safe, readily available, non-invasive, has a rapid response-time,
simple clinical assessment to invasive techniques.
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applicable to the spontaneously breathing patient, not labor or time in-
tensive, not operator dependent, cost effective and continuously pro-
vides measurements of relevant, accurate and reproducible variables.
A device with all of these properties does not currently exist.

HDM methods and techniques requiring invasive monitoring de-
vices and the need to fully ventilate and sedate/paralyze patients are
generally impractical and not desired in the ED setting. However as a re-
sult of hospital overcrowding, many ED's are required to take care of
critically ill patients for prolonged periods, hence necessitating the
need for clinical expertise and advanced HDM devices in relevant cen-
ters [130,131]. Clinical assessment coupled with ultrasonography
should always be the first step in assessing the hemodynamic state
and is useful in guiding initial therapy in most clinical scenarios [132].
Despite ultrasound techniques being limited by its operator dependen-
cy, its steep learning curve and its inability to provide continuous mon-
itoring, it is still themost practical method of hemodynamicmonitoring
and determining fluid responsiveness when coupled with PLR-
maneuver induced changes in VTI or carotid artery blood flow time
[33-36] and various ultrasound shock assessment protocols [74-81]. In
addition to ultrasonography being non-invasive, it is now readily
available in most ED's. With the growth of emergency medicine as
a specialty internationally, emergency physicians and trainees are
generally familiar with the basic principles of ultrasonography.
With practice [71] and after completing specifically designed ultra-
sound based training courses, the non-radiologist clinician can
easily acquire the necessary competence to reliably evaluate the
anatomy of interest with ultrasound guidance [133,134]. Dinh and
colleagues demonstrated that VTI measurements obtained by
trained ED physicians correlated with that measured by certified
cardiac sonographers (r 0.82) [135].

When ultrasonography is not available, the PLR-maneuver coupled
with ETCO2 monitoring has also shown promise in predicting fluid re-
sponsiveness [40], whilst the mini-fluid challenge and end-expiratory
occlusion test may also be considered in the ventilated patient [110,
111]. Although totally non-invasive and user friendly, bioreactance
based devices are marred by inconsistent evidence and require further
validation [44], whereasfinger basedmonitoring devices are dependent
on good peripheral circulation making them unreliable in critically ill
patients most requiring HDM [97-99]. CVP monitoring alone has no
value and should not be used to determine fluid status or predict re-
sponse to a fluid bolus [48]. Fig. 4 illustrates a step-wise approach to
HDM ranging from simple clinical assessment to advanced monitoring
methods.

In summary, for the critically ill hemodynamically unstable patient
presenting to the ED, management based on clinical assessment and
simple bedside monitoring is sufficient in the majority of cases. This
may be supplemented with non-invasive monitoring modalities such
as bedside ultrasound assessment and determination of hemodynamic
variables (e.g. VTI), the mini-fluid challenge or ETCO2 monitoring
coupled with the PLR maneuver. Where experiences and resources
exist, more advanced HDM devices and techniques must be considered,
especially when a delay to ICU admission is expected. For the latter ob-
jectives to becomea reality in the ED, dedicated training programs, sem-
inars and courses in HDM aimed at the emergency clinician must be
designed. Considering the paucity of hemodynamic monitoring in the
Emergency Medicine literature, opportunity exist for replicating many
of these published studies in the ED setting.

10. Conclusion

Hemodynamicmonitoring to guide appropriate therapy is an impor-
tant intervention that is commonly neglected in critically ill patients
presenting to the ED. An initial approach that includes clinical assess-
ment, basic bedside monitoring and point of care ultrasonography
coupled with a PLR-maneuver is sufficient to guide appropriate therapy
in most instances. However the ED clinician must be knowledgeable
with regards to advanced methods/techniques of HDM which may be
necessary in complex presentations.
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