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Enhanced Recovery After Surgery (ERAS) protocols are increasingly used in the perioperative period around the world. The concept of goal-directed fluid therapy (GDT) is a key element of the ERAS protocols. Inadequate perioperative infusion therapy can lead to a number of complications, including the development of an infectious process, namely surgical site infections, pneumonia, urinary tract infections. Optimal infusion therapy is difficult to achieve with standard parameters (e.g., heart rate, blood pressure, central venous pressure), so there are various methods of monitoring central hemodynamics – from invasive, minimally invasive to non-invasive. The latter are increasingly used in clinical practice. The current evidence base shows that perioperative management, specifically the use of GDT guided by real-time, continuous hemodynamic monitoring, helps clinicians maintain a patient’s optimal fluid balance. The manuscript presents the analytical data, which describe the benefits and basic principles of perioperative targeted infusion therapy based on central hemodynamic parameters to reduce the risk of complications.
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Introduction. Modern aspects of perioperative infusion therapy

Enhanced Recovery After Surgery (ERAS) protocols are increasingly used in the perioperative period around the world (1, 2). The introduction of ERAS protocols has reduced the hospital stay period by 30–50%, decreased the risk of complications and significantly reduced the frequency of re-hospitalizations (1–3). Goal-directed fluid therapy (GDT) is a key element of the ERAS protocols (4).

Monitoring of hemodynamics, volemia, blood loss, hemocoagulation and metabolism is the basis for selecting adequate methods to restore and maintain proper tissue perfusion. The value of monitoring lies in the use of the obtained data to determine the goals of therapeutic effects (5).

There is a list of clinical indications for circulatory optimization, the ultimate goal of which is the balance between delivery (DO2) and oxygen consumption (VO2). Indications may be due to the patient’s condition and the cause of circulatory failure (6):


-severe disease or damage to the cardiovascular and respiratory systems with severe functional disorders;

-age-related functional disorders of one or more organ systems;

-acute massive blood loss of traumatic and surgical origin (> 2.5l);

-severe sepsis;

-shock or severe hypovolemia of any origin;

-respiratory failure (PaO2 < 60 mm Hg, SaO2 < 90% in a patient on spontaneous breathing or PaO2/FiO2 < 300 mm Hg in a patient on mechanical ventilation);

-acute enteropathy (abdominal compartment syndrome, pancreatitis, perforation of internal organs, gastrointestinal bleeding);

-acute renal failure (urea > 20 mmol/l, creatinine > 200 μmol/l).

In addition, there are indications associated with surgery:

-major non-cardiac surgery (pneumonectomy, resection of the liver, intestines, complex trauma and orthopedic interventions);

-major (combined) interventions on the heart and blood vessels (aortic aneurysm, combined prosthetic heart valves, coronary artery bypass grafting and carotid endarterectomy);

-long-term surgical interventions (for example, in neurosurgery, gastrointestinal surgery);

-urgent cavitary surgery (7).



Until recently, only invasive hemodynamic monitoring was possible to assess key indicators used in GDT protocols. However, in recent decades there have been restrictions on the use of pulmonary artery catheters (PAC) in the perioperative period. Routine use of a PAC is not recommended in patients with surgical pathology, except for heart surgery (8–10).

The need for monitoring and its volume change over time, taking into account the patient’s condition, risk of complications, stage of the disease and intensive care (Figure 1) (11).
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FIGURE 1
Possible choice of monitoring system in relation to a patient’s degree of perioperative risk (CO, cardiac output; PAC, pulmonary artery catheter; PPV, pulse pressure variation; ScvO2, central venous oxygen saturation).


Perioperative infusion therapy plays an important role in reducing the risk of surgical infections. Both fluid overload and hypovolemia can impair tissue oxygenation, which adversely affects wound healing as well as the development of surgical infections (12, 13). Optimal infusion therapy is difficult to achieve with standard parameters [e.g., heart rate (HR), blood pressure (BP), central venous pressure (CVP)] (14). Surgical infections remain an important cause of morbidity and mortality in patients, ranking third in the incidence of healthcare associated infections. Surgical infections prolong the length of hospital stays, increase the cost of treatment and become a key indicator of the quality of care (15–17).

In recent years, various non-invasive hemodynamic monitoring technologies have been proposed (18). Innovative technologies for continuous non-invasive hemodynamic monitoring significantly expand the possibilities of improving the strategy of infusion therapy and personalization of hemodynamic management (19).

Among modern technologies of non-invasive monitoring, the pulse wave transit time (PWTT) is one of the newest ways to determine the main indicators of hemodynamics. The wide possibilities of this method is little studied. The strong correlation between stroke volume (SV) and PWTT discovered by Japanese scientists at Nihon Kohden was the basis of a formula that allows continuous monitoring of the most important volumetric parameters of the heart (stroke and heart indices). The results of a limited number of clinical trials of this non-invasive and convenient technique are available in the literature. An unequivocal opinion on this method has not yet been formed, but its accuracy and reliability for trend monitoring are considered quite satisfactory (20).



Fluid management within Enhanced Recovery After Surgery protocols

One critical element of all ERAS programs is a protocol known as perioperative goal-directed therapy (PGDT), which helps ensure adequate hydration and maintain euvolemia while avoiding hypervolemia or hypovolemia that can contribute to postoperative complications (Figure 2) (21, 22).


[image: image]

FIGURE 2
Complication associated with inadequate perioperative fluid management (CVA, cerebrovascular accident; MOF, multiple organ failure).


Fluid management within ERAS protocols should be viewed as a continuum through the preoperative, intraoperative, and postoperative period (1). The goal of preoperative fluid management is for the patient to be in a hydrated and euvolemic state when arriving in the operating room. This is usually achieved by avoidance of prolonged fasting and mechanical bowel preparation and encouraging patients to ingest a clear carbohydrate drink approximately 2 h prior to surgery. The goals of intraoperative fluid management are to avoid excess salt and water and to maintain central euvolemia. As such, patients undergoing surgery within an ERAS protocol should have an individualized fluid management plan. Maintenance of intravascular euvolemia throughout the perioperative period is ideal (23).

To achieve optimal fluid balance for the surgical patient, PGDT relies on continuous monitoring of a variety of hemodynamic targets, including cardiac output (CO), cardiac index (CI), stroke volume (SV), stroke volume variation (SVV), and pulse pressure variation (PPV).

Routine hemodynamic measurements, such as HR and mean arterial pressure (MAP), remain relatively unchanged despite reduced blood flow and are considered insensitive indicators of hypovolemia or changes in CI (24, 25). As a result, conventional fluid management is based on clinical assessment, vital signs, CVP monitoring, or a combination of these. However, recent studies have shown that CVP is not able to predict fluid responsiveness nor can changes in BP be used to approximate changes in SV or CO (26, 27).

Modern monitoring of perioperative infusion therapy is a personalized correction of hemodynamics, rather than on the basis of generally accepted schemes and rules. Some of the important requirements for monitoring methods are given in Table 1. The advanced hemodynamic monitoring equipment used to guide clinical decision-making intraoperatively be selected based on a combination of surgical patient and institutional factors (4).


TABLE 1    Requirements for the “ideal” method of monitoring.
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Methods of central hemodynamic monitoring of perioperative infusion therapy

Cardiac output monitoring is considered the gold standard for assessing central hemodynamic parameters and infusion response. There are many ways to measure CO, which differ in the degree of invasiveness and continuous or periodic research method (28–30). The various methods classification of monitoring central hemodynamics is presented in Figure 3.
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FIGURE 3
Methods of monitoring central hemodynamic (esCCO, estimated continuous cardiac output; NICO, non-invasive cardiac output partial CO2 rebreathing technique; PVI, pleth variability index; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography, USCOM, ultrasonic cardiac output monitor; CeVOX, continuous central venous oxygenation measurement; PiCCO, pulse index continuous cardiac output; LiDCO, lithium dilution cardiac output).



Invasive methods of hemodynamic monitoring

The classic invasive method is catheterization of the right heart with a Swan-Ganz catheter (Edwards Life Sciences, Irvine, CA, USA). Swan-Ganz advanced technology pulmonary artery catheters enable continuous assessment of flow, pressure, and oxygen delivery and consumption. Pulmonary artery catheterization or transpulmonary thermodilution is indicated for the most difficult patients to determine the type of shock. Swan-Ganz catheter allows continuous monitoring of the balance of oxygen delivery and consumption with the following advanced hemodynamic parameters: mixed venous oxygen saturation (SvO2), CO, SV, systemic vascular resistance (SVR), right ventricular ejection fraction (RVEF), right ventricular end diastolic volume (RVEDV), pulmonary artery pressure (PAP), pulmonary artery occlusion pressure (PAOP) (31).

This technique requires technical skills. Risks of a PAC procedure include arrhythmias, pneumothorax, heart block, lung infarction, perforation of the balloon, thrombosis, air embolism, knotting of the catheter, valvular damage, or infection (32). In less than 0.2% of cases Swan-Ganz catheterization results in serious vascular damage – pulmonary artery rupture (33).

To date, routine use of these methods is not recommended (34). Specific indications for PAC are cases of inconsistency of right ventricular and left ventricular (LV) contractility, pulmonary arterial hypertension, for example in cardiac surgery, lung and liver transplantation or severe ARDS (35–37). At the same time the CVP ceases to adequately reflect a preload of LV therefore for this purpose it is necessary to carry out monitoring of PAOP (38).



Minimally invasive methods of hemodynamic monitoring

Minimally invasive methods based on usage transpulmonary dilution of the indicator (CeVOX, PiCCO2, LIDCOplus) and analysis of arterial pulse wave (ProAQT technology, MostCare®, Edwards Vigileo™ and Acumen IQ Sensor system).

The most established commercially available complete CeVOX and PiCCO2 sets are produced by Pulsion Medical Systems, Germany. The sensor for venous oximetry is installed through one of the lumens of the central venous catheter. CeVOX or PiCCO2 central units equipped with an optical module and a disposable fiber optic sensor are required for continuous measurement of venous saturation. There are studies that prove validity and clinical usefulness of the CeVOX (39–43). The PiCCO2 system allows continuous monitoring of blood oxygen supply and consumption values (44). Lithium dilution cardiac output (LiDCO™; LiDCO, London, UK) is a minimally invasive indicator dilution technique for the measurement of CO. The technique is quick and simple, requiring only an arterial line and central or peripheral venous access. A small dose of lithium chloride is injected as an intravenous bolus, and CO is derived from the dilution curve generated by a lithium-sensitive electrode attached to the arterial line.

ProAQT technology (Pulsion Medical Systems, Germany) is implemented as follows. The ProAQT sensor is an instantaneous pressure sensor and is inserted into a standard arterial catheter. A continuous blood pressure signal is supplied from the ProAQT sensor to a special monitor. Based on this signal, a number of hemodynamic parameters are determined. The most important thing in shock is the trend of minute blood volume (MBV). Initial calibration, which is calculated on the basis of basic anthropometric indicators (45), is required for continuous assessment of the MBV trend. There are other indicators that are determined by the ProAQT method, such as SVR and SVV.

MostCare® (Vytech Health, Padua, Italy) is a method developed for continuous CO monitoring based on BP parameters. This technique does not require initial calibration and does not require central venous access. MostCare® requires access to one of the peripheral arteries. The technology is based on the principle that a change in pressure changes the diameter of the vessel and, as a result, changes the volume of blood passing through its cross section. Variables such as LV contractility, pulse wave parameters, arterial wall elasticity, flexibility and peripheral resistance of small arterioles are closely interrelated and evaluated by the system. Thus, the flow gives the area under the curve, and then the formula is calculated by CO (46).

Edwards Vigileo™ system consists of a sensor (FloTrac, Edwards LLC) and a processing/display unit (Vigileo, Edwards LLC). The sensor is a transducer that preprocesses and sends a signal to both a cardiovascular monitor (for real time waveform display) and the Vigileo monitor. The processing unit applies a proprietary algorithm to the digitized wave, and reports CO, CI, SV, stroke volume index (SVI) and SVV. If a central venous pressure catheter has been placed, its signal can be interfaced with the Vigileo, allowing for the calculation of SVR and SVR index (SVRI). When used with a central venous oximetry catheter, the Vigileo also provides continuous central venous oxygen saturation (ScvO2).

Potential weaknesses of the system include possible inaccuracy in the presence of arterial wave artifact, compromise of the arterial catheter, aortic regurgitation, intense peripheral vasoconstriction and irregular pulse.

The Acumen IQ Sensor with Acumen hypotension prediction index (HPI) software (Edwards Lifesciences Ltd) is designed to predict the chance of an individual having a hypotensive event in surgical and non-surgical settings. A hypotensive event is defined as MAP of less than 65 mmHg, that exceeds a cumulative length of 15 min. The sensor attaches to any existing radial arterial line and is used to automatically calculate key parameters every 20 s. The parameters include HPI, contractility (systolic slope; dP/dt), afterload (dynamic arterial elastance), CO, pulse rate, SV, SVV, MAP, CI, PPV and SVR. HPI requires a good-quality arterial line waveform. To the extent that the waveform is damped or varies consequent to changes in patient position or other mechanical issues, predictions may be compromised.



Non-invasive types of hemodynamic monitoring

Non-invasive monitoring is increasingly used in routine practice compared to invasive techniques, due to the lack of complications and the need for special technical skills, technical support (47).

Pleth variability index (PVi – volemia index; Masimo, Irvine, California, USA) – variations in the perfusion index during the respiratory cycle (Masimo Rainbow Pulse CO-Oximetry technology) (48). A number of independent objective studies have shown that Masimo SET technology provides the most reliable readings of oxygen saturation and HR measured in difficult clinical settings, including patient movements and low peripheral perfusion (49). PVi values are informative in predicting the response to fluid infusion in ventilated patients. However, changes in vasomotor tone, the appointment of vasopressors, hypothermia have a direct effect on plethysmographic signal and are potential limitations of the method.

The Non-invasive Cardiac Output partial CO2 rebreathing technique technology (NICO) introduced by Novametrix allows the measurement of CO by analyzing the CO2 content at the end of exhalation. The accuracy of NICO technology is lower compared to invasive techniques, also there is a dependence on ventilation and gas exchange. Partially reversible breathing is used to implement this technology. The monitor processor analyzes 4 parameters: the amount of carbon dioxide released during normal and reversible breathing and the content of carbon dioxide in the arterial blood during normal and reversible breathing (50). Specially conducted comparative studies of the results of CO registration by the NICO monitor and reference methods (Fick’s Principle, thermodilution) under critical conditions registered reliable correlation coefficients. Thus, it can be stated that this non-invasive method of CO registration is quite accurate (50).

ClearSight system finger cuff (Edwards Lifesciences) is a non-invasive device that is fixed on the patient’s finger. It allows continuous measurement of blood pressure. In addition, the device is able to calculate such parameters as CO, SVR, stroke volume, MAP.

The device has a so-called Heart Reference Sensor (HRS), which automatically compensates for changes in hydrostatic pressure due to differences in height between the finger and the heart. HRS compensates for changes in the patient’s arm position during any procedure or during patient movement (51).

Impedance cardiography (ICG) is a non-invasive method that uses changes in impedance of the chest to assess hemodynamic parameters, including CO. Studies of ICG have reported conflicting results and are difficult to compare, since they have been performed using devices of different generations in patients with different characteristics, while also using different equations (52). The technology is non-invasive, but the method is sensitive to electrical interference, patient movements, largely depending on the correct placement of electrodes. The accuracy of bioimpedance methods is questionable in a number of critical conditions (pulmonary edema, pleurisy, volume load, ventilation, arrhythmias, valve pathology) (50).

Electrical Cardiometry (EC) is a monitor for non-invasive method of measuring continuous CO monitoring based on measurement of thoracic electrical bioimpedance. Bioimpedance CO is based on the principle that cyclical increases in blood volume in the great vessels, as well as alignment of red blood cells (RBCs) in the thoracic aorta resulting from increased velocity, cause concomitant decreases in the electrical impedance in the chest. An alternating current of low amplitude is introduced and simultaneously sensed by electrodes placed around the neck, and laterally on the thorax to measure thoracic electrical bioimpedance. Changes in thoracic bioimpedance are induced by ventilation and pulsatile blood flow. EC is often confused with the traditional bioimpedance technology most commonly known as ICG. Though both methods use sensors placed on the thorax, traditional bioimpedance or ICG methods rely on the assumption of periodical volumetric changes in the aorta to determine SV and CO. ICG attributes the steep increase in the conductivity waveform to a volumetric expansion of the aorta during systole, while EC contributes the increase in conductivity to the orientation change of the RBCs to determine the velocity of the blood flow. EC method may be used for measuring cardiac output in a wide spectrum of diseases and patient populations including neonates and children, while ICG is limited to relatively healthy adults. The disadvantage associated with electric cardiometry is that the parameters are not available during electrical interference (electric cautery) (53).

The EC technology is utilized on the Aesculon and ICON device (Osypka Medical, Berlin, Germany/Cardiotronic, San Diego, CA, USA).



Monitoring of hemodynamics by echocardiography

Echocardiography, as a non-invasive or semi-invasive method for the assessment of cardiac anatomy and function, is favored in clinical practice. The methods commonly used for echocardiography include transthoracic echocardiography (TTE), transesophageal echocardiography (TEE) and ultrasonic CO monitor (USCOM). TEE or TTE echocardiography can provide immediate point-of-care assessment of acute hemodynamic changes in selected patients. Indications for TEE include the evaluation of cardiac and aortic structure and function in situations in which the findings will alter management and the results of TTE are non-diagnostic or TTE is deferred because there is a high probability that results will be non-diagnostic. Situations in which TTE may be non-diagnostic include, but are not limited to, detailed evaluation of the abnormalities in structures that are typically in the far field, such as the aorta and the left atrial (LA) appendage; evaluation of prosthetic heart valves; evaluation of native valve masses; evaluation of paravalvular abscesses (both native and prosthetic valves); and various uses in critically ill patients. Transthoracic echocardiographic image quality may be compromised in patients on ventilators, those with chest wall injuries, obese patients, and those unable to move into the left lateral decubitus position.

Contraindications include esophageal disease with known stricture, diverticuli, varices or tumor, prior esophageal or stomach surgery, perforated viscus, or an uncooperative patient. Relative contraindications include cervical spine disease, hiatal hernia, coagulopathy, prior chest radiation, or facial or airway trauma. In addition to the estimation of CO (usually easier with TEE than with TTE), Doppler echocardiographic examination can provide an indication of cardiac function because it allows visualization of the cardiac chambers, valves, and pericardium (54). Doppler imaging can be used to calculate important indicators such as CO, CI, MBV, SVR, PAOP and a number of other indicators (55).

The USCOM ultrasonic cardiac output monitor (USCOMPty Ltd., Coffs Harbour, NSW, Australia) provides non-invasive transcutaneous measurement of CO. The flow profile is obtained by using a transducer (2.0 or 3.3 MHz) placed on the chest in either the left parasternal position to measure transpulmonary blood flow or the suprasternal position to measure transaortic blood flow. This flow profile is presented as a time–velocity spectral display showing variations of blood flow velocity with time. The CO is then calculated from the equation (56):

CO = heart rate × stroke volume

where the SV is the product of the velocity time integral (VTI) and the cross-sectional area (CSA) of the chosen valve.

The USCOM monitor is limited to cardiac output measurement and gives no indication of other hemodynamic variables, such as pressure measurements, vascular resistance or stroke work calculations. In addition, it does not provide the means to measure mixed venous oxygenation.

Ultrasonic transesophageal Doppler (Deltex, HemoSonic technologies) provide continuous assessment of CO by measuring the linear velocity of blood flow in the aorta. Doppler techniques are non-invasive and relative simple in application, but the results are approximate and depend on the position of the esophageal sensor and dysphagia may occur. Unstable hemodynamics and a narrow ultrasound window increase the measurement error. In addition, ultrasound techniques require a specially trained specialist (50).

CardioQ and CardioQ-ODM use Doppler ultrasound to monitor HR and intravascular fluid volume. CardioQ and CardioQ-ODM monitors are designed for use with a number of Doppler esophageal probes for Deltex Medical.

Recently, a non-invasive method of CO monitoring – estimated continuous cardiac output (esCCO), based on the assessment of pulse wave transit time (PWTT), has become available in clinical practice. The esCCO system defines PWTT as the time interval between the moment of appearance of the R wave on the electrocardiogram (ECG) and the beginning of the pulse wave on the plethysmogram of the pulse oximeter. This interval includes three points of measurement of time intervals (Figure 4): PEP – from R to ventricular contraction, T1 – the passage of a pulse wave from the aortic valve to the radial artery, T2 – from the radial artery to peripheral blood vessels. An inverse correlation was found between PWTT and SV (57–59).
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FIGURE 4
The principle of measuring esCCO (ECG, an electrocardiogram; PWTT, pulse wave transit time).


Measured PWTT, BP and HR are used to calculate CO according to the following formula (60):

CO = K × (α × PWTT + β) × HR,

where CO – cardiac output; α is a constant that has been determined in previous clinical trials of esCCO technology; β is a variable that is a derivative of pulse pressure; K – calibration factor based on the biometric characteristics of the patient (height, weight, sex, and age); PWTT – pulse wave transit time; HR – heart rate.

Estimated continuous cardiac output technology is effective because it does not require to use of any additional sensors or specially trained personnel (61). EsCCO technology allows you continuously obtain indicators of central hemodynamics (CO, CI, SV, stroke index). Existing studies show that CO measured by esCCO and thermodilution (61, 62), showed a good correlation, with a small deviation (from 0.04 to 0.13 l/min). When comparing esCCO with TTE, the correlation was observed in cardiac patients with a range of −0.60 to 0.68 l/min (63), as well as in patients of intensive care unit with a deviation of −1.6 l/min (64).

However, the expressed disturbances of peripheral microcirculation, the presence of clinically significant cardiac arrhythmias, significant damage to peripheral arteries, severe heart valve dysfunction are the limitations of the method (65).

All monitoring systems have unique characteristics in terms of accuracy, reliability, measurement accuracy, stability and reliability (66). Physicians should take into account the technical limitations of each monitoring system and the potential compromise between more invasive but highly accurate CO measurements and less invasive but less accurate methods (Figure 5).
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FIGURE 5
The compromise between accuracy and invasiveness of monitoring systems (CO, cardiac output; PA, pulmonary artery).





Indications for different methods of cardiac output assessment during perioperative hemodynamic management

Indications for the different methods of CO assessment during the perioperative hemodynamic management of surgical patients are shown in Figure 6. In non-cardiac surgery patients, indications for CO monitoring depend on the presence of various patient-related and surgery-related risk factors for perioperative complications. The routine use of PAC to assess CO is not recommended (10). In addition, TEE is only recommended in patients with acute sustained severe hemodynamic instability in the perioperative period (10). Low-risk non-cardiac surgical patients can be monitored using basic hemodynamic monitoring (i.e., HR and rhythm, non-invasive arterial pressure, and peripheral oxygen saturation). In high-risk non-cardiac patients, monitoring of CO is indicated (11) as goal-directed hemodynamic management using fluids and inotropes to optimize CO (and oxygen delivery) has been shown to improve outcome (67–71). In high-risk non-cardiac surgical patients without marked alterations in vascular tone, invasive uncalibrated pulse wave analysis or esophageal Doppler can be used to guide CO optimization (71). Whether non-invasive uncalibrated pulse wave analysis can also be used for the assessment of CO in this category of patients is a subject of current research (72). In high-risk non-cardiac surgical patients with marked alterations in vascular tone (e.g., patients with liver failure or sepsis), CO can be assessed using invasive calibrated pulse wave analysis or esophageal Doppler (71). In patients undergoing open-heart and thoracic aortic surgery, TEE is indicated (73, 74). TEE may also be considered in coronary artery bypass graft surgery (73, 74). In selected cardiac surgery patients, advanced hemodynamic assessment and monitoring using a PAC may be considered.
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FIGURE 6
Indications for different methods of perioperative cardiac output assessment.




Traditional and modern assessment of response to infusion therapy

To assess the susceptibility to infusion, the simplest method is considered to be the test with passive raising of the legs by 30–45° to assess the response of CO and BP (75). Ventilation mode, type of fluid injected, starting position and measurement method do not affect the diagnostic efficiency of passive leg lift. It is considered the best test for fluid infusion response for patients with hypotension who do not require vasopressor therapy. Echocardiographic assessment of cardiac function is considered to be the best choice for more severe patients undergoing mechanical ventilation and vasopressor support. For patients in consciousness, spontaneous breathing, and with vasopressor support, a passive leg lift test is also recommended to assess the dynamics of changes in cardiac output (76).

The response to infusion therapy using esCCO method can be assessed as follows. If infusion bolus of 500–1,000 ml caused a significant increase in cardiac output (4–6 l/min) and stroke volume (60–100 ml), the patient was considered susceptible to volemic therapy and continued to fill the circulating volume (77). In the absence of a positive hemodynamic response, the need for vasopressor and inotropic drugs was considered. It is available a GDT protocol recommended for the ultrasound method of hemodynamic monitoring (78), the modification of which can be used in other non-invasive monitoring techniques (Figure 7) (79).
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FIGURE 7
GDT protocol based on non-invasive monitoring of central hemodynamic (SV, stroke volume).




Complications with inadequate perioperative infusion therapy

Inadequate perioperative infusion therapy may lead to a decrease of CO and DO2 in damaged tissues, which is associated with an increased incidence of perioperative complications (Figure 2). In addition, the systemic inflammatory response associated with tissue damage leads to systemic capillary leakage syndrome and tissue edema. Limiting fluid intake and reducing diuresis may reduce edema in patients with reduced ventricular function, but increase the incidence of acute renal failure. There is increasing evidence from large databases that even short durations of hypotension with MAP < 65 mm Hg are associated with myocardial and kidney injury (80, 81).

Excessive infusion therapy can lead to a number of side effects, including coagulopathy and edema of the lungs, intestines, and peripheral tissues (11). Sodium and water retention after surgery may reduce the need for infusion. After stabilization of the patient’s condition, infusion therapy should be calculated only to restore the deficit and pathological losses.

The authors of multicenter observational study about clinical potential of an optimized perioperative fluid strategy in patients undergoing emergency gastrointestinal surgery (82) registered the postoperative complications as follows: wound-related complications included superficial wound rupture, rupture of the fascia, or anastomotic leakage. Cardiopulmonary complications included cardiac arrhythmia, acute myocardial infarction, cardiac arrest, pleural effusion, pulmonary congestion, pulmonary edema, congestive heart failure, or respiratory failure (failure to wean > 48 h, requiring continuous positive airway pressure after the day of extubating, or reintubation of any cause). Renal complications included the need for dialysis or other renal complications (nephritis or hydronephrosis treated with a nephrostomy catheter). Infectious complications included superficial wound infection, pneumonia, urinary tract infection, or cutaneous infection.

By improving cardiovascular function and balancing fluid intake, PGDT helps clinicians maintain adequate oxygen supply perioperatively. The implementation of PGDT protocols guided by continuous hemodynamic monitoring has also been shown to help decrease nausea, vomiting, and incidence of ileus (intestinal obstruction) while allowing patients to take solid food earlier, become more alert, and start walking sooner after surgery, ultimately reducing hospital LOS (21, 22).

The goal of targeted perioperative infusion therapy is to optimize the balance between delivery and oxygen consumption. Tissue hypoxia may occur with normal hemodynamic values such as MAP, CVP, and HR. Tissue hypoperfusion contributes to postoperative complications and increases the incidence of mortality, which requires adequate methods of enhanced hemodynamic monitoring and implementation of algorithms for targeted infusion therapy.

It is known that surgical patients following the principles of targeted infusion therapy during the perioperative period had a low risk of developing infectious complications, namely surgical site infections (SSIs), pneumonia and urinary tract infections (UTIs). There were no convincing data on catheter-related bloodstream infections (83).

Surgical patients carry a high overall risk of hospital-acquired infections (HAIs), mainly because SSIs occur in addition to non-surgery-specific infections (84). Despite existing prevention schemes, SSI remains one of the most common preventable surgical complications. SSIs occur in up to 20% of all abdominal surgeries and significantly contributing to morbidity, risk of death and increased treatment costs (85, 86). Surgical patients who did not receive surgical treatment also had a higher risk of infectious complications, including pneumonia and UTIs (84).

In surgical patients, the risk of infection is determined by the interaction between the microbes (degree of contamination and virulence), the patient (immune status) and the nature of the surgery (duration of the operation and the volume of damaged tissue). The infectious process occurs due to an unbalanced relationship between bacterial load and patient resistance. During the operation, the patient’s susceptibility to infection increases, the risk of infection increases due to damage to the integrity of the skin and mucous membranes, impaired microbicidal activity of immune cells (87). In this case, the perioperative delivery of oxygen DO2 plays an important role. It is known that a sufficient level of oxygen in the tissues promotes wound healing and increases resistance to infections (12, 88–90). This is because the oxidative function of neutrophils and the destruction of bacteria by alveolar macrophages (91) depend on adequate levels of oxygen in the tissue (88, 92). It is proved that low oxygen saturation in tissues is one of the prognostic factors in the development of SSIs (93). Therefore, maintaining adequate oxygen delivery to tissues is an important element in promoting a positive immune response to infection, especially in the context of surgery, which in itself leads to increased oxygen demand. Intraoperative increase in the ratio of oxygen in the inhaled air has not been shown to affect the postoperative wound and the risk of lung infections (94).

Oxygen delivery DO2 can be improved with GDT, which reduces the incidence of postoperative infectious complications. In the perioperative period, hypovolemia and decreased CO cause musculoskeletal and splanchnic vasoconstriction, which causes hypoperfusion and tissue hypoxia (95–97). This weakens the immune response of the mucous membrane and disrupts the intestinal barrier. Insufficiency of the intestinal barrier can lead to sepsis due to bacterial translocation and the release of cytokines into the blood, damaging other tissues and altering the body’s immune environment (98). In addition, ischemic reperfusion trauma of the intestine markedly disrupts intestinal lymphoid tissue (GALT), further weakens the immunity of the extraintestinal mucosa and contributes to the increased susceptibility of the patient to infections (98, 99).

Goal-directed fluid therapy aims to optimize DO2 by maintaining or increasing cardiac output. This preserves the microbicidal function of immune cells and the protection of organs that are particularly sensitive to perioperative hypoperfusion (21), avoiding intestinal barrier failure and GALT disorders. Adequate perioperative infusion therapy increases the oxygen content of tissues and increases the amount of collagen in wound healing (100).

Pathophysiological mechanisms of postoperative pneumonia are complex (101–103). Intestinal barrier failure and bacterial translocation through the lymphatic and thoracic ducts (104) with impaired airway mucosal immunity due to decreased DO2 have a potential pathogenetic role (105–107).

In surgical patients, GDT optimizes DO2 and prevents HAIs. Therefore, hemodynamically controlled principles of infusion therapy should be followed, especially in high-risk surgical patients (108–110) with a high probability of such complications.

The current evidence base shows that perioperative management, specifically the use of PGDT guided by real-time, continuous hemodynamic monitoring, helps clinicians maintain a patient’s optimal fluid balance. Meta-analyses of published studies focused on major abdominal surgery show that applying ERAS practice guidelines reduces postoperative complications by up to 50% and hospital LOS by 2.5 days (111, 112).



Conclusion

Goal-directed fluid therapy is a key element of the ERAS protocols, which can only be achieved through high-quality monitoring. Among many techniques non-invasive hemodynamic monitoring is now evolving rapidly and is a highly accurate tool for clinical use. The use and further study of this method of hemodynamic monitoring can improve the understanding of the mechanisms underlying the systemic capillary leakage syndrome in critical conditions, and serve as a basis for developing new algorithms for GDT. Modern non-invasive technologies, like esCCO, allow to assess the heart failure as a component of circulatory failure and its targeted correction by optimizing the preload, postload and inotropic function of the heart, which meets most of the requirements for adequate continuous hemodynamic monitoring (7, 113).

Infusion therapy improves hemodynamic status by increasing SV and CO. CO changes of at least 10–15% are used to determine a positive response to fluid resuscitation after 250 to 500 ml of fluid infusion (33, 114, 115). If SV or CO increases, further fluids can be given in a controlled manner, repeating the fluid challenge so long as there is a positive response (SV maximization). This approach avoids fluid overload, as the only excess fluids are equivalent to one fluid challenge (116). Beyond immediate response to fluid infusion, the efficacy of a fluid bolus over time is affected by various parameters such as blood volume status, cardiac function, type of infused fluid, and capillary leak severity (96).

Goal-directed fluid therapy provides adequate systemic oxygenation, protects against ischemic-reperfusion injury and reduces the incidence of SSIs, respiratory infections and UTIs after surgery. Hemodynamically based perioperative optimization of infusion therapy reduces postoperative mortality and morbidity in surgical patients at high risk of infectious complications (67, 69, 70).

Therefore, it is necessary to continue research on aspects of perioperative GDT based on methods of monitoring central hemodynamics to reduce the risk of complications and improve the treatment outcomes of surgical patients.
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