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Introduction 
 
It is well known that there is an increase in oxygen consumption perioperatively, this was 
demonstrated by Older and Smith (1), in their study of one hundred elderly patients presenting for 
major abdominal surgery. There was an average increase in oxygen consumption of 44%. This 
increased oxygen demand requires a reciprocal increase in oxygen supply, which the patient may 
not be able to accomplish themself by an increase in cardiac output (2,3). The increased metabolic 
demand and the inability to increase tissue oxygen supply leads to tissue hypoxia and resultant 
organ hypoperfusion, which then culminates in postoperative multi-organ failure (3). 
 
It then follows, that optimisation of cardiac output and oxygen delivery will lead to improved total 
blood flow and therefore increased tissue perfusion resulting in the prevention of the development 
of multi-organ dysfunction. This concept of microvascular perfusion manipulation was 
demonstrated by Jhanji et al. (4), when they showed that optimisation of stroke volume together 
with low dose inotropy can result in increased microvascular flow and tissue oxygen partial 
pressure, in patients following major gastrointestinal surgery. The benefit to the high-risk patient 
undergoing major surgery would be a decrease in postoperative mortality and morbidity. 
 
Goal Directed Haemodynamic Therapy (GDHT) is a term used to describe a protocolised 
perioperative bundle of care used in high-risk adult surgical patients, or patients with severe 
sepsis. The aim is to improve postoperative outcome by optimising total blood flow and oxygen 
delivery to the tissues. This is achieved using a cardiac output monitor and the specification of 
haemodynamic targets to be met using a combination of fluids, inotropes, and vasopressors. It 
has been demonstrated in multiple studies to reduce length of hospital stay and result in 
decreased overall complication rates. 
 
The objectives of this review are to: 

 Describe the modalities available to measure cardiac output and fluid responsiveness 

 Summarise the most recent evidence for its use in the perioperative domain 

 Provide a practical suggestion of how this technology may be used to improve patient 
outcomes. 
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History / Background 
  
Prior to the 1960s, the only way to measure cardiac output was in the laboratory setting and using 
the Fick principle. Then in 1968 Bradley and Branthwaite (5) published the first paper detailing the 
measurement of cardiac output using Thermodilution via a Pulmonary Artery Catheter (PAC) in 
critically unwell patients. These initial measurements were validated against the Direct Fick 
method, which was the “gold standard” at the time. Following this, 2 years later in 1970, Swan et 
al. (6), published their paper on the first use of the ‘flow-directed balloon-tipped pulmonary artery 
catheter’ in humans. Their balloon design allowed for consistent and safer progression of the 
device while also allowing measurement of the Pulmonary Artery Wedge Pressure and Cardiac 
Output.  
 
Shoemaker and colleagues were the first to describe postoperative outcomes and link it back to 
physiological parameters. In two landmark studies in the 1970s (7,8), they used a Pulmonary Artery 
Catheter and described postoperative survivors of shock secondary to surgery or trauma, had 
higher physiological indices than their non-surviving counterparts. From these findings, he 
suggested that the targets of haemodynamic therapy should be “supranormal” rather than normal 
physiological values, to better meet the increased postoperative metabolic demand. Shoemaker 
himself evaluated this hypothesis in 1988 with the first prospective trial evaluating GDHT in high-
risk surgical patients (9). They used a PAC to guide their therapies of fluids, packed red cells, 
oxygen, and vasoactive drugs to achieve targets of:  

 Cardiac Index > 4.5L/min/m2  

 DO2I > 600ml/min/m2 

 VO2I > 170ml/min/m2  
 
The group who managed to achieve the DO2I target in the postoperative period had significantly 
reduced number of postoperative complications, postoperative deaths, ventilator days and days 
in intensive care. These astounding findings pushed further trials in the GDHT sphere despite the 
shortcomings of the study.  
 
Boyd et al (10) and Wilson et al (11) replicated these reductions in their studies done in the early 
1990s. They again looked at the high-risk surgical patient, and the augmentation of 
haemodynamic variables while guided by a PAC.  
 
With the development of newer, less invasive, haemodynamic monitoring devices, there began 
to be safety concerns raised about the PAC. Connors et al. linked the PAC to increased mortality 
and increased utilization of resources, with apparent lack of benefit in their observational study 
from 1996 (14). Two studies in the early 2000s, corroborated the earlier finding in observational 
studies, of lack of benefit in PAC usage in the critically ill patient regarding decreasing mortality 
(15,16). Neither study definitively demonstrated increased harm with use of PAC either. 
 
The newer cardiac output monitors generated their own GDHT literature. Mythen and Webb (17) 
used the Oesophageal Doppler monitor to assess whether plasma volume expansion in the peri-
operative period would preserve the perfusion of gut mucosa. Their population was high-risk 
patients undergoing elective cardiac surgery. The oesophageal doppler estimated stroke volume 
and gastric mucosal perfusion was measured by tonometry assessment of gastric intramucosal 
pH. Following anaesthetic induction, the protocol group received boluses of colloid to attain a 
maximal stroke volume. The incidence of gut hypoperfusion as defined in the study was reduced 
in the protocol group and there was seen a reduction in major complications and hospital length 
of stay.  
 
Pearse et al (18) was the first group to ascertain the benefits of GDHT in the postoperative period 
in patients undergoing high-risk surgery. They recruited 122 postoperative patients admitted to 
ICU, into a randomised controlled trial between Nov 2000 and Aug 2004. Their primary outcome 
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measure was the incidence of postoperative complications, and secondary outcomes of duration 
of hospital stay and mortality. They used lithium indicator dilution and pulse power analysis to 
measure cardiac output and to calculate DO2I. Patients in the protocol GDHT group received 
colloid boluses and dopexamine to achieve a sustained SV target and DO2I > 600ml/min/m2. 
There was a significant reduction in number of postoperative complications in the protocol group 
but no differences in mortality between groups.  
 
Pearse was also involved in the OPTIMISE trial (19), which was the largest multicentre RCT 
evaluating haemodynamic optimization, performed in the UK at the time. The population was 734 
adult patients assessed as being high-risk undergoing elective major gastrointestinal surgery. 
They compared usual care with a protocolized cardiac output guided therapy perioperatively. The 
result conflicted with previous smaller trials as there was not seen the difference in primary 
outcome, complications, and mortality at 30 days.  
 
These studies were all about the elective surgical patient presenting for major surgery, but what 
about sepsis? Early in 2001, Rivers and colleagues (20) published the first trial assessing 
perioperative GDHT in the patient with severe sepsis or septic shock admitted to ICU. They 
compared standard resuscitative care with a protocolised approach to resuscitation. The 
haemodynamic targets in the intervention group included VO2 and Cardiac Index, measured with 
a PAC. The primary outcome was hospital mortality, and a significant reduction was noted. This 
trial was ground-breaking in the management of sepsis at the time, and informed resuscitation 
guidelines for the septic patient going forward. An attempt to replicate the findings was made a 
decade later with the ProCESS (21), ProMISE (22), ARISE (23) multicentre trials conducted in the 
US, UK, and Aus/NZ, respectively. Over three thousand septic patients in total were recruited to 
protocolized early GDHT over standard care. There was no difference in mortality seen across all 
three trials. One reason for this may have been that the Rivers (20) findings had already impacted 
clinical practice such that the changes instituted to resuscitation over the years had erased the 
mortality difference.  
 
So, there is evidence both for and against GDHT. Grocott et al (24) tried to make sense of the 
literature discrepancy with their systematic review and meta-analysis published in 2012. They 
included 31 RCT with 5292 patients, and there was no evidence that there was a mortality benefit 
in perioperative GDHT. There was a reduction in incidence of postoperative complications as well 
as hospital length of stay.  
  
The use of cardiac output monitoring in the ICU setting for sepsis and septic shock will not be 
considered further in this review.  
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Cardiac Output Monitors 
 
There are different cardiac output monitors available to use. The original monitor was the 
Pulmonary Artery Catheter which measured cardiac output using thermodilution and the Fick 
Principle. There are currently less-invasive options using different techniques of cardiac output 
measurement such as the Oesophageal Doppler, LiDCO and PiCCO etc. 
Since the aim of GDHT is the improvement of tissue perfusion, the ‘Holy Grail’ of cardiac output 
monitors is one that can measure tissue perfusion directly to guide haemodynamic management. 
As no such monitor has been demonstrated in this regard yet, we are left with monitors that 
measure variables of the macrocirculation.27 
 
Cardiac Output Monitoring Techniques 
 
(i) Ideal monitor 27 
 
The properties of an ideal cardiac output monitor are listed below: 
 

 Continuous monitoring 

 Accurate and reproducible measurement 

 Non-invasive 

 Rapid response times 

 Operator-independent equipment 

 Derived information can easily be used to guide therapy 

 Easy to use 

 Cost effective 

 Cause no harm to the patient 

 Incorporate early warning systems or machine learning 
 
(ii) Invasiveness 27 
 
The degree of invasiveness is proportional to the potential harm the monitor may cause to the 
patient. Invasive monitors include the pulmonary artery catheter, calibrated pulse contour analysis 
by transpulmonary thermodilution or lithium dilution. Minimally invasive monitors include the 
oesophageal doppler and uncalibrated pulse wave analysis via an existing arterial line. Non-
invasive monitors include pulse wave analysis of the plethysmograph, bioimpedance, 
bioreactance, pulse wave transit time, partial CO2 rebreathing (modified Fick’s principle) and 
doppler ultrasound. 
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(iii) Cardiac Output Monitoring Modalities 

 
(a) Pulmonary Artery Catheter 25,26 
 
The PAC is the modern-day gold standard against which other less invasive monitors are 
measured against. It has fallen into disrepute due to its invasiveness, complication rates and the 
availability of less invasive monitors with comparable accuracy.  
 
The PAC is inserted via a wide-bore vascular sheath usually placed in the internal jugular vein. 
The catheter is flow directed and “floated” from the SVC through the right atrium, into the right 
ventricle, through the pulmonary valve, into the one of the main pulmonary arteries, and finally 
into a smaller pulmonary artery. Fluoroscopy is needed to ensure that the tip of the PAC is locked 
in West Zone 3 of the lung. This position is required to accurately measure the left atrial pressure 
with the effects of ventilation on transpulmonary blood flow. “Wedging” of the PAC is when the 
balloon tip is slowly inflated to cut off the passage of blood in the artery in which the catheter lies. 
This then creates an extension of the fluid filled tip with the left atrium which then permits 
measurement of the left atrial pressure, otherwise known as the Pulmonary Capillary Wedge 
Pressure (PCWP). 
 
 

 
 
Figure: As the PAC is passed from the SVC to the pulmonary artery, a predictable pressure 
trace is seen. Note that a diastolic pressure is only present after the tip of the PAC passes 
the pulmonary valve. 
 
 
In order to measure the cardiac output, cold saline needs to be injected in the SVC port which 
mixes with blood and flows through the right heart. The temperature changes caused by this 
injection is sensed by the thermistor tip. The thermodilution curve below is then produced. The 
Steward-Hamilton equation is then used to derive the cardiac output from the thermodilution 
curve.  
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Figure: A chest x-ray showing a PAC in situ and in the correct position. 
 
Measured Variables: 

 
 

Advantages 
The PAC is arguably the most reliable and accurate cardiac output monitor. It is the only monitor 
that can directly measure the pulmonary artery pressures. It is the only monitor that can sample 
the mixed venous oxygen saturation.  
 
Disadvantages 
The PAC is very invasive and requires technical skill to insert, measure and interpret. The preload 
assessments (CVP and PCWP) are less reliable and have been shown not to correlate with fluid 
responsiveness. The PAC-Man study reported non-fatal complications in 10% of insertions. Other 

Derived variables: Cardiac index (CI) 

 Stroke volume index (SVI) 

 Systemic vascular resistance index (SVRI) 

 Pulmonary vascular resistance index (PVRI) 

 Right ventricular ejection fraction (RVEF) 

 Right Ventricular End-Diastolic Volume (RVEDV) 

 Left Ventricular Stroke Work Index (LVSWI) 

 Right Ventricular Stroke Work Index (RVSWI) 

 Oxygen delivery (DO2) 

 Oxygen Uptake or Oxygen Consumption (VO2) 

 Oxygen extraction ratio (OER) 
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complications include arrhythmias, heart block, rupture of the pulmonary artery, 
thromboembolism, pulmonary infarction, valvular damage, and endocarditis. 
 
 
(b) Pulse Contour Analysis (PCA) or Pulse wave Analysis (PWA) 25,26,27 
 
These monitors are further divided into calibrated and uncalibrated PCA. Calibration of PCA may 
be accomplished via: (i) transpulmonary thermodilution, (ii) lithium dilution, or (iii) dye indication 
dilution e.g., indocyanine green. 
 

 Transpulmonary thermodilution 
An example of this monitor is the Getinge® PiCCO and Edwards® Volume View EV1000. These 
monitors require a proprietary femoral arterial line which has a thermistor tip. Cold saline is 
injected in the SVC (see below) which then circulates through the lungs and then ejected out the 
left ventricle where the change in temperature is detected at the femoral A-line.  
 

 
 
Figure: The above diagram illustrates transpulmonary thermodilution. Certain variables 
can only be measured during the calibration (see list under ‘Transpulmonary 
Thermodilution’ in the figure). However, after the system has been calibrated, there are a 
number of continuous variables measured (see list under ‘Contour Analysis’ in the figure).  
 
Advantages 
The arterial line can be used for both blood pressure/CO monitoring and blood sampling. The 
system is relatively easy to setup and calibrate. The system can provide variables that other 
monitors cannot, e.g., global end diastolic volume, global ejection fraction, extravascular lung 
water, pulmonary vascular permeability index. Measurements are not affected by pleural 
effusions. 
 
Disadvantages 
The arterial catheter is large and therefore can only be placed in a femoral artery. The system is 
relatively expensive. Complications relating to the insertion of the arterial line have been reported. 
Recalibration is required every 12 hours or after a major change in the patient’s condition. 
Variations in the speed of injection and thermistor positioning may affect results. The results are 
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also affected by arrhythmias, pulmonary or cardiac shunting, positive pressure ventilation and 
tricuspid regurgitation. 
 

 Lithium Dilution Calibration:26,27 
An example of this monitor is the Edwards® LiDCO. This monitor uses the same principles of the 
transpulmonary thermodilution except a dilute Lithium solution of a known concentration is 
injected instead of a cold saline injection. The system uses an ion selective sensor attached to 
an arterial line.  
 

 
 
 

  
 

Advantages 
The system uses invasive lines which are usually already in place i.e., no special catheters are 
needed. The dose of lithium is small and clinically insignificant.  
 
Disadvantages 
The system cannot be used in patients taking lithium therapeutically. The system needs some 
familiarity to setup, though setup is quick. Calibration is recommended every 8 hours or if the 
patient’s condition changes suddenly. Measurements are affected in patients who recently 
received vecuronium or atracurium. The monitor performs poorly in atrial fibrillation and other 
arrhythmias. The system is prone to technical difficulties relating to damping and resonance.  
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(c) Ultrasound and Doppler ultrasound Techniques 26,27 
 
Ultrasound is the use of high frequency sound waves to create an image of body structures as 
the sound waves are reflected off the boundaries of tissue interfaces. When sound waves are 
reflected off moving objects their frequency changes. This change in frequency is known as the 
Doppler Shift. With the use of the Doppler Shift equation, one can measure velocity of blood. 
Cardiac output can then be calculated by multiplying the velocity by cross- sectional area of the 
aorta.  
 
The doppler probe is inserted into the oesophagus and directed at the descending aorta. The 
diameter of the aorta is extrapolated from proprietary age-related normograms. The monitor 
provides information regarding cardiac output, cardiac index, stroke volume, peak velocity, 
corrected flow time, stroke distance, and stroke volume variation.  
 
Advantages 
The probe is minimally invasive and can be inserted quickly and analysed. There is minimal 
interference from bone, lung and soft tissue as the descending aorta lies next to the oesophagus. 
Little training is required, although some parameters on this monitor are not on other cardiac 
output monitors. The system us small and readily portable. Paediatric probes are available.  
 
Disadvantages 
As with all ultrasound technology the quality of the doppler trace may be user dependent. While 
it is possible to use the system in awake patients, some patients may need sedation. There may 
be interference intraoperatively from surgical instruments and diathermy. The probe may detect 
flow in other vessels apart from the aorta. The main assumption is that 70% of the cardiac output 
is directed to the descending aorta. The system has been shown to be less reliable in the 
hypovolaemic shocked patient where there may be a redistribution of blood. The use is 
contraindicated in patients with oesophageal diseases e.g., oesophageal varices.  
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While transthoracic and transoesophageal echocardiography may be used to assess cardiac 
output, it will not be considered further in this review as both require specialist skills in performing 
and analysing the cardiac output and is non-continuous. 
 

(d) Modified Fick’s Principle 25,26 
 
The original Fick principle was done using oxygen uptake experimentally, where blood flow is 
equal to oxygen uptake divided by oxygen arterio-venous difference (see equation below). This 
was modified for ventilated patients as the amount of oxygen taken up was difficult to assess. The 
method was then applied to CO2 production which can be calculated from expired CO2. The 
monitor enters a period of re-breathing in which the monitor measures the amount of CO2 
produced over a certain amount of time. This is assumed to be proportional to CO2 produced 
under steady state conditions. With arterial and venous PaCO2 measurements, these numbers 
can be put into the Fick equation to get transpulmonary blood flow or RV cardiac output.  
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(e) Bio-impedance and Bioreactance 26,27 
 
These techniques are one of the least invasive assessments of cardiac output. Impedance is the 
measure of opposition to alternating current. The baseline thoracic impedance reflects the total 
thoracic fluid volume. By measuring changes in electrical resistance through the thorax, one may 
estimate changes in aortic blood volume and thereby assess cardiac output. Electrodes are 
placed on either side of the neck and chest. A small, non-painful current is passed between 
ipsilateral electrodes which generates two sets of measures. The two measures of magnitude and 
rate of change of impedance are averaged to obtain LV contractility and cardiac output.  
 

 
 

 Bioreactance  
Bioreactance measures the “phase shift” of an alternating current passed through electrodes on 
the chest.  
 

 
 

There are several limitations with both systems. They are extremely sensitive to movement and 
may be of no value in patients who are not anaesthetized or deeply sedated. Electrocautery will 
also cause interference intraoperatively. Arrhythmias may lead to inaccuracies. Initial study with 
older devices showed inconsistencies in critically ill patients. Newer second-generation devices 
have improved accuracy. Further studies are need in the perioperative setting and 
haemodynamically unstable patients.   
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(iv) Newer Technologies 

 

(f) Plethysmography Variability Index (PVI) 

 
PVI provides a continuous non-invasive measure of the relative variability in the plethysmography 
waveform during respiratory cycles. This may be used as a dynamic indicator of fluid 
responsiveness in select populations of mechanically ventilated adult patients. The technology 
uses a proprietary sats probe and monitor to measure the PVI. The Masimo company has many 
different monitors for different clinical uses. The flagship monitor is the Root monitor which is not 
only able to do PVI but also measure: Non-invasive haemoglobin, BIS and NIRS.  
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(g) Estimated Continuous Cardiac Output (esCCO) 

This technology was derived from pulse contour analysis. Cardiac output may be derived from 

pulse pressure information via: CO = SV × HR =（ K × PP) × HR, where CO: cardiac output; SV: 

stroke volume; K: constant; PP: pulse pressure; HR: Heart Rate. It was noted that pulse wave 
transit time (PWTT) was a better correlation with stroke volume than pulse pressure and stroke 
volume. PWTT was then incorporated into the CO estimation equation. PWTT is the time between 
the peak of the R-wave on the ECG and the start of the pulsatile flow on the plethysmograph (see 
figure below). This technology is used by proprietary software on the Nihon Kohden® monitors 
and requires no further specialised equipment or probes.  
 
 

 
 
 

(h) Non-Invasive Continuous Cardiac Index (NICCI) 

The NICCO® monitor is a more advanced version of the Continuous Non-invasive Arterial 
Pressure (CNAP) finger cardiac output monitor. CNAP uses two mini-inflatable cuffs at the base 
of two adjacent fingers to continuously measure blood pressure: similar to an A-line. These are 
calibrated by periodic assessment of brachial artery blood pressure incorporated in the same 
monitor. Apart from continuous BP, the monitor provides other information including cardiac 
output or cardiac index and dynamic markers of fluid responsiveness (PPV and SVV). 
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(v) Comparative features of different CO monitors 
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Literature Review 
 
There are several recent systematic reviews and meta-analyses (MA) which try to clear the muddy 
waters of certainty regarding the role of perioperative haemodynamic monitoring. These meta-
analyses have high heterogeneity from differing monitors, haemodynamic targets, resuscitation 
interventions (fluids and drugs), varying protocols and a mix of patient populations. Discussed 
further is the most recent systematic review and meta-analysis by Chong et al. 36,37,38 
 
This MA was published in 2018 and aimed to determine the effect of peri-operative goal-directed 
therapy on mortality and morbidity in adult surgical patients. Ninety-five randomised trials were 
included with a total patient sample of 11695. Most studies had moderate to high levels of bias 
with only 4 studies coded as low bias. For the primary outcome of mortality, studies were divided 
into modern cardiac output monitors and CO monitoring using a pulmonary artery catheter. There 
was no mortality benefit in the subgroup of PAC directed HGDT however, contemporary CO 
monitors showed a mortality benefit in non-trauma, non-pregnant adult surgical patients (OR 0.66, 
95%CI 0.55-0.91, p=0.006) with a number needed to treat of 34. In the subgroups analysis, 
benefits were noted in high-risk patients initiated on HGDT intra-operatively. In the subgroup of 
CO monitoring devices, a mortality benefit was noted in the minimally invasive monitor group only.  
 
This study has a few limitations. Although there was low statistical heterogeneity, the authors note 
high clinical heterogeneity caused by a variety of technologies, haemodynamic goals, and 
protocols. Clinical heterogeneity was partially addressed by stratification into PAC-guided versus 
modern GDT and other subgroup analyses. The results are less generalisable as the mortality 
benefits of different types of monitors are not uniform with benefit only demonstrated in the 
minimally invasive group. While secondary outcomes showed statistical benefit in some 
subgroups, not all studies reported each outcome and timing of follow-up varied. Ninety one of 
the ninety-five studies were at high risk of bias mostly due to unclear description of allocation 
concealment and authors having some relationship with industry. It has been shown previously 
that industry influence, influences the chance of the intervention showing benefit.  
 
There are several trials still on-going that may change the landscape of perioperative HGDT 
including the much awaited OPTIMISE-II trial. Some of them are listed below. Expected 
completion dates have been altered due to the COVID-19 pandemic. 
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A Practical Approach 
 
Despite reasonable evidence of HGDT use in the perioperative setting showing benefit in some 
patients and recommendations advocating for its use in multiple guidelines, the use of HGDT 
seems not to translate into clinical practice, even in developed and well-resourced environments. 
A few reasons have been proposed to explain this. 33,34,35 
 

 
 
 
 
Fellahi and colleagues proposed a summary of the evidence surrounding the use of HGDT in the 
perioperative setting, to better inform on clinical practice and encourage translation of guideline 
recommendations into practical solutions. They pose and answer six questions using the most 
recent evidence. Here is the list of questions with their recommendations. Please refer to the 
article for an explanation of the rationale behind their recommendations. 
 
1. Which blood pressure goals should be targeted during anaesthesia and the 
perioperative period? 
We propose to prefer continuous invasive arterial pressure monitoring in moderate to high-risk 
surgical patients, ideally using an algorithm-based approach which aims at preventing/managing 
arterial hypotension. We also propose to maintain MAP above 65 mmHg or within 10–20% of 
preoperative reference resting values (agreement 100%). 
 
2. Intraoperative fluids management: restrictive, standard, liberal, and beyond? 
We propose to routinely use a personalized approach of intraoperative fluid infusion/volume 
expansion based on the individual hemodynamic response to volume titration to reduce the 
deleterious side effects of fluids and improve patients’ outcome (agreement 100%). 
 
3. Are dynamic indices and manoeuvres useful to predict and manage volume expansion? 
We propose to implement a “validity criteria checklist” before using PPV (or similar methods) to 
estimate fluid responsiveness, then to give iterative small fluid boluses to maintain intraoperative 
PPV (or similar methods) below the threshold value that defines fluid responsiveness (agreement 
100%). 
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4. When should we measure stroke volume (SV) and cardiac output (CO)? 
We propose to use mini- or non-invasive continuous methods to monitor CO/SV rather than 
invasive reference techniques to implement perioperative GDT in moderate to high-risk patients 
undergoing non-cardiac surgery (agreement 83%). Two experts pointed out problematic limits 
regarding accuracy of those mini- or non-invasive methods in patients with hypothermia or 
peripheral hypoperfusion or receiving continuous infusion of vasopressors. 
 
5. Fluids or vasoconstrictors: how to decide? 
We propose to use fluids and vasoconstrictors in combination via a GDT algorithm to 
simultaneously achieve perioperative optimal blood flow and perfusion pressure, avoid volume 
overload and improve outcome in high-risk surgery patients (agreement 100%). 
 
6. What is the economic impact of hemodynamic monitoring for GDT? 
We propose that clinicians explain to national/hospital decision-makers that the extra cost due to 
hemodynamic monitoring when implementing a perioperative GDT strategy is counter balanced 
by the reduction in postoperative complications and hospital length of stay in high-risk surgery. 
This could be estimated at each institution level using the MERCI equation (agreement 100%). 
 
 
Bernd Saugal and colleagues suggested a more simplified approach to incorporating HGDT into 
daily practice with the consideration of five essential aspects.41 Their recommendations include: 

I. HGDT should be considered in high-risk patients and high-risk surgeries 
II. HGDT should start at the time of induction of anaesthesia and not only left to the 

postoperative period 
III. Multiple interventions should be considered including vasopressors and inotropes and not 

just focusing on assessing fluid responsiveness and administering fluids 
IV. Multiple variables should be targeted including basic haemodynamic variables (HR, BP, 

CVP, PAOP), dynamic cardiac variables (pulse pressure variation, stroke volume 
variation), and flow-related variables (cardiac output or cardiac index) 

V. Establish personalised target values according to certain patient and surgical categories 
by setting absolute target values or thresholds. 
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On the Horizon 
 

Targets for closed system automation: Hypotension 

Organ perfusion pressure is determined by Mean Arterial Pressure (MAP), which is a composite 
of an organ’s inflow and outflow pressure. Tissue hypoperfusion because of hypotension, 
indicated by a reduced MAP is a known contributor to organ dysfunction and poor outcomes in 
the critically ill or post-operative patient. It therefore follows that monitoring of blood pressure 
(either by invasive or non-invasive methods), has become the standard of care in the 
perioperative and critical care management of patients. Current blood pressure monitoring 
methods only allow reactive intervention, after the hypotension has been established and the 
body’s own autoregulation mechanisms have failed. Clinical hypotension is preceded by very 
subtle changes in particular physiological variables. The next logical step in blood pressure 
monitoring and maintenance of organ perfusion is the management of hypotension prior to its 
clinical manifestation, by identifying these changes via monitoring. Artificial intelligence and 
machine learning technology can allow us to take this leap in perioperative care to optimize safety 
for our patients.42 
 

Artificial intelligence and Machine learning  

Machine learning briefly, is the ability of a system to learn and improve from inputted data and 
experience, without the need for explicit programming. Machine learning algorithms are already 
used in a wide array of clinical applications, one example being the prediction of bispectral index 
values following total intravenous anaesthetic techniques.  
 
The haemodynamic processes of the human body are an example of a non-linear system. It 
possesses complex biological networks with vast and varying degrees of interdependency. Even 
if the inner workings of the physiological systems were known, it would be impossible to accurately 
predict the future behaviour of the system. A problem we face now, with our inability to accurately 
predict outcomes of our patients, despite our knowledge of physiology and pathophysiology and 
technological advancement. A slight change from baseline could result in significant further 
change and variations, often referred to by the ‘butterfly effect.’ Using the MAP as an example, a 
reduction in MAP leads to the activation of many compensatory mechanisms, which result in 
small, almost imperceptible haemodynamic changes. Given the underlying natural variability 
between individuals, these compensatory changes result in a myriad of arterial pressure 
waveform variations. Analysis of these haemodynamic changes is difficult for a variety of reasons. 
These changes are very subtle and extremely complex with slow progression and development, 
requiring analysis over an extended period and resulting in identification being impossible by 
routine bedside monitoring. 
 
Artificial intelligence via the avenue of machine learning, provides us with a tool to detect these 
minute, imperceptible haemodynamic changes and institute treatment prior to hypotension 
occurring clinically.42,43 
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CONCLUSION 
 
The use of cardiac output monitoring has enjoyed much attention in the literature over the last 3 
decades. There remains uncertainty regarding the use in specific patient populations, surgery 
types, monitoring modalities, haemodynamic variables, targets and thresholds, optimal protocols, 
and patient-centred outcomes. Where evidence is clearer, guidelines have incorporated them into 
recommendations to optimise patient benefit. However, these recommendations do not translate 
into clinical practice for assorted reasons, mainly due to the uncertainty of clinical benefit. While 
awaiting more decisive evidence, guidelines advocating use in certain situations should be 
followed. The incorporation of machine learning and artificial intelligence may very well change 
this landscape of perioperative HGDT once again in the near future.  
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