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Introduction

Optimal hemodynamic management in patients undergoing surgery remains a challenge for an-
esthesiologists, and there is large variability in care between health care providers, even for the same
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type of surgery and within the same hospital [1,2]. Insufficient hemodynamic management may lead to
tissue hypoperfusion or tissue edema formation, both resulting in inadequate oxygen delivery to the
tissue associated with organ dysfunction and adverse postoperative patient outcome [3]. To reduce the
uncertainties regarding the optimal hemodynamic management, various protocols for perioperative
goal-directed therapy (PGDT) have been proposed [4]. PGDT aims at optimizing global hemodynamics
during the perioperative period by titrating fluids, vasopressors, and/or inotropes to predefined he-
modynamic goals [5].

Since the first concepts of PGDT were described in the 1980s, more than 100 randomized controlled
trials (RCTs) have been published, followed by an ever-increasing number of systematic reviews with
meta-analyses. The cumulative evidence that PGDT is capable of improving patient outcome has led to its
adoption in clinical practice guidelines, e.g., in the United Kingdom [6], France [7], and by the European
Society of Anaesthesiology [8]. Despite this, the actual implementation and adoption of PGDT protocols in
clinical practice has been rather slow and incomprehensive [9]. One reason for the poor adoption rate
might be that PGDT is a vague, poorly defined, and confusing term for physicians and researchers, as it is
used in multiple different clinical scenarios. In general, PGDT can involve optimization of cardiac preload,
afterload, and contractility to achieve a balance between systematic oxygen delivery and oxygen demand.

In this review, we summarize the currently available evidence for PGDT. We discuss early trials
employing a protocol guided by hemodynamic variables assessed with the pulmonary artery catheter
(PAC) as well as trials using modern PGDT protocols with less invasive monitoring. In addition, we also
critically discuss why studies on PGDT may have led to conflicting results. Finally, we consider future
directions of PGDT, which may help to further evolve this research field.

Different concepts of perioperative goal-directed therapy
Early concepts of perioperative goal-directed therapy

The invention of the flow-directed balloon-tipped PAC in the 1970s has led to an increase in the use
of invasive hemodynamic monitoring in critically ill patients [10]. However, it took some time for the
first prospective RCT to be performed, which analyzed improvement of clinical outcome when using
interventions guided by hemodynamic variables assessed with the PAC.

One of the first RCTs evaluated elderly patients undergoing hip fracture surgery, with the inter-
vention group undergoing perioperative optimization of their hemodynamic status guided by PAC-
derived variables [11]. In these patients, certain hemodynamic variables were monitored and opti-
mized both pre- and postoperatively (among others, a cardiac index (CI) between 3.0 Lmin~! m~2 and
3.5 L min~! m~2 and oxygen consumption (VO;) between 110 mL min~' m~2and 165 mL min~! m~2)
[11]. This was one of the first treatment protocols that can be called PGDT. Patients treated according to
this PAC-based protocol showed markedly lower postoperative mortality rates than control patients (1
of 35 (2.9%) versus 10 of 35 (29%)). Another RCT studied patients having surgery for peripheral vascular
disease, who are at high risk of cardiovascular complications [12]. A preoperative optimization protocol
was used targeting a pulmonary artery wedge pressure between 8 and 15 mmHg, a CI of more than
2.8 L min~' m~2 and a systemic vascular resistance of less than 1100 dyne-sec cm~> [12]. Fluids,
inotropes, and vasodilators could be used to achieve these goals, and in intervention group patients,
the postoperative mortality was 1 of 68 (1.5%) compared to 1 of 21 (9.5%) in control group patients [12].

Supranormal oxygen delivery

Measurements of hemodynamic variables in survivors and nonsurvivors of shock after major
trauma surgery suggested that higher — so-called supranormal — values of hemodynamic variables
were associated with improved survival in these patients [13]. It was hypothesized that the survival
benefit might be the consequence of less shock-related complications and organ failure in patients
having supranormal values, e.g., CI of more than 4.5 L min~—' m~2, oxygen delivery (DO,) of more than
600 mL min~! m~?, and VO, of more than 170 mL min~! m~2. These values, which are higher than



T. Kaufmann et al. / Best Practice & Research Clinical Anaesthesiology 33 (2019) 179—187 181

normal resting hemodynamic values, were then used in prospective trials as target values for high-risk
patients having major noncardiac surgery. The results of the first trial in high-risk patients showed a
reduction in mortality, postoperative complications, and length of hospital stay after using a treatment
protocol based on the supranormal target values [ 14]. These results led to the hypothesis that high-risk
patients having surgery should be hemodynamically optimized to these targets already before surgery,
i.e., before the surgical trauma and the development of organ failure. In addition, it was suggested to
maintain these target values throughout surgery and also for the first 24 h after surgery in the ICU.
Several trials used similar protocols with varying results [11,15—21]. These early trials were summa-
rized in a systematic review with meta-analysis by the original author of the first trial, who concluded
that preoperative initiation of the protocol was associated with a decrease in mortality [22]. It was
emphasized that PGDT protocols have to be initiated early and aggressively to be most effective [22].

Investigators in these initial studies on PGDT used the PAC to monitor patient hemodynamics and
guide interventions [10]. Consequently, the use of the PAC became widespread and the PAC-derived
hemodynamic data were used by physicians to guide hemodynamic therapy in the ICU and the
operating room. At its peak, more than 40% of all critically ill patients received a PAC as part of their care
in the ICU, but evidence regarding its benefit was never objectified [23]. The invasiveness of the PAC
also meant that placement was associated with complications such as catheter-related infections and
thromboembolic events. In one of the largest trials comparing a PGDT protocol based on PAC-derived
hemodynamic variables with standard care without the use of a PAC, no survival benefit was found for
PAC-guided therapy in high-risk surgical patients [24]. The results of this RCT and numerous other
trials combined in a Cochrane review led to a decrease in the use of the PAC [25,26]. Also, routine PAC
placement is not recommended by the European Society of Cardiology/European Society of Anaes-
thesiology in their current guidelines on the management of patients undergoing noncardiac surgery
[27]. In addition, optimizing patients preoperatively with a PAC requires admission to an ICU, which
consumes many resources and is therefore not applicable to patients undergoing most types of surgery.
The decline of the use of the PAC was further facilitated by the emergence of minimally invasive and
noninvasive monitoring techniques to estimate cardiac output (CO) and other hemodynamic variables.

Minimally invasive and noninvasive monitoring in PGDT protocols

Minimally invasive monitoring refers to devices that measure hemodynamic variables by only using
an arterial catheter or esophageal Doppler [28]. Several of these devices have been developed, and the
most important ones are discussed here.

Pulse wave analysis

Pulse wave analysis (PWA) allows estimation of SV/CO and of dynamic preload variables. The
method is based on the principle that aortic pulse pressure is proportional to stroke volume (SV) and
inversely proportional to aortic compliance. Although static variables are single snapshots taken at
specific points in the cardiac cycle (e.g., CO measured by thermodilution or central venous pressure
(CVP)), dynamic preload variables express rapid changes in the cardiovascular status and can be
monitored continuously. In addition, an increase in CO induced by volume expansion can be predicted
by dynamic preload variables before volume expansion is actually performed, which is helpful in PGDT
algorithms and helps to avoid unnecessary fluid administration.

Examples of these dynamic preload variables include systolic pressure variation (SPV), pulse
pressure variation (PPV), and stroke volume variation (SVV). These variables are induced by heart—lung
interactions during a respiratory cycle in mechanically ventilated patients and are an indicator of the
position on the Frank—Starling curve, which is proportional to the degree of preload dependency
[29,30]. Of these dynamic variables, PPV is considered to have the best predictive ability for fluid
responsiveness [31]. A disadvantage of these dynamic preload variables is that they cannot be used in a
number of concomitant conditions including cardiac arrhythmias and spontaneous breathing [32].

Some PWA monitors can be calibrated with an independent measurement of CO done by trans-
pulmonary thermodilution. This calibration is done similar to the PAC with injection of a small fluid
bolus. To do this, transpulmonary thermodilution monitors require both a central venous catheter and
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a femoral arterial catheter and are therefore considered invasive, not minimally invasive [28]. Trans-
pulmonary thermodilution monitors can also estimate extravascular lung water, which is a measure of
pulmonary edema, and pulmonary vascular permeability, which is a measure of pulmonary capillary
leakage. These variables can help to guide fluid strategies, for example, as safety measures to avoid fluid
overload in patients with acute respiratory distress syndrome. Transpulmonary thermodilution
monitors are therefore mainly used for complex patients in the ICU [33].

Uncalibrated PWA monitors estimate the CO only from arterial pressure waveform characteristics
and biometric data. A proprietary algorithm uses the mean, standard deviation, skewness, and kurtosis
of arterial pressure and arterial compliance estimated from sex, age, weight, and height [34]. The
waveform characteristics become less reliable in pathophysiological conditions with low vascular
resistance such as liver disease, during liver surgery, or septic shock. In these conditions, use of un-
calibrated PWA monitors is not recommended [35].

Oesophageal Doppler Monitor

The Oesophageal Doppler Monitor (ODM) probe is placed in the patient's oesophagus and uses
Doppler ultrasound to measure the velocity of blood flow in the adjacent descending aorta. The blood
flow in the descending aorta is correlated to CO, assuming a fixed proportion of blood flow going to the
upper and lower part of the body. Estimation of CO using the ODM was originally thought to have
agreement with invasive CO measurements using the PAC [36]. However, results of a more recent
systematic review with meta-analysis have shown that agreement between ODM and PAC derived CO
measurements is moderate at best [37].

Several PGDT protocols using ODM-derived hemodynamic variables have been developed and
tested. The first trials evaluated a PGDT protocol using an ODM to titrate fluids in patients undergoing
hip fracture surgery [38,39]. Both studies concluded that intraoperative volume loading to optimize
stroke volume using an ODM resulted in more rapid postoperative recovery and a reduced length of
hospital stay. Use of ODM was not limited to hip fracture surgery patients but ODM was also used to
titrate fluids and vasoactive medication in patients undergoing abdominal surgery [40]. This was also
associated with a reduction in length of hospital stay, but also in postoperative complications, number
of patients requiring ICU admission, and time to return of bowel function [40]. Eventually, use of PGDT
protocols employing an ODM was implemented in national guidelines in the United Kingdom to
enhance recovery after surgery [G]. In general, a limitation of the ODM is that it can only be placed
intraoperatively under general anesthesia due to patient convenience.

Perioperative goal-directed therapy — what is the evidence?

Summarizing the evidence on PGDT is challenging because many different protocols have been
developed and studied over the years. Nevertheless, a multitude of meta-analyses has been conducted
on this subject. Several meta-analyses have suggested a beneficial effect of PGDT in terms of reduction
in postoperative complications and length of stay [41—43]. However, the studies included in these
meta-analyses were heterogeneous and varied with regard to not only types of surgery but also all
individual components of the PGDT intervention, including the timing of the intervention; the type of
monitoring device; the hemodynamic variables assessed; the hemodynamic values targeted; and the
types and amounts of fluids, vasopressors, and/or inotropes used [44]. This clinical heterogeneity needs
to be considered when pooling results of individual RCTs [45].

We previously performed a systematic review on PGDT where the observed clinical heterogeneity
made us conclude that it was inappropriate to pool all the data to estimate an intervention effect of the
PGDT intervention [44]. Therefore, we believe a definite conclusion on the effect of PGDT remains to be
elucidated [44].

Recently, a systematic review with meta-analysis was published with more rigorous methodo-
logical conditions [4]. Benefit for PGDT was analyzed in various predefined subgroups, such as timing of
initiation of PGDT protocol or whether a CO monitoring device was used. Subgroup analysis can be a
way of reducing clinical heterogeneity within a meta-analysis, particularly if different patient pop-
ulations, technologies, and interventions exist within the literature. This approach also takes into
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account that many aspects of the management of high-risk surgical patients and trial methodology
may have changed over the last decades [46]. The authors of this systematic review discuss a number of
results. First, PGDT reduced the risk of mortality compared with standard care only in high-risk pa-
tients (OR 0.60 (95% CI 0.42—0.85)) but not in low-risk patients (OR 0.79 (95% CI 0.50—1.24)) [4]. High
risk was defined as patients undergoing cardiac surgery, critically ill patients, or studies with >50% ASA
Il physical class patients. Second, PGDT reduced the risk of mortality compared with standard care
only if PGDT was started intraoperatively (OR 0.65 (95% CI 0.47—0.89)) and not when PGDT was started
postoperatively (OR 0.72 (95% CI 0.38—1.33)) [4]. Third, PGDT reduced mortality only if vasoactive
agents were used per protocol in addition to fluids (OR 0.59 (95% CI 0.40—0.89)) and not if only a fluid-
based intervention was performed (OR 0.65 (95% CI 0.41—1.05)) [4]. Last, PGDT reduced mortality only
if a CO monitor was used to guide therapy (OR 0.68 (95% CI 0.49—0.95)) [4].

Based on the abovementioned evidence, we believe that PGDT should be employed in patients who
will benefit the most: high-risk patients undergoing high-risk surgery. The PGDT protocol should be
started early during the perioperative period [47]. In addition, an algorithm which mainly targets flow
optimization (i.e., CO or SV) should be used, and dynamic preload variables might also be included to
assess fluid responsiveness.

Two large RCTs on PGDT are currently being conducted. The first is the FLuid Optimisation in Emer-
gency LAparotomy (FLO-ELA) trial (www.floela.org), which aims to include 7646 patients undergoing
emergency bowel surgery using a PGDT protocol. The other trial is the OPtimisation of Peri-operaTive
Cardlovascular Management to Improve Surgical outcomE I (OPTIMISE II) trial (www.optimiseii.org),
which aims to include 2502 patients undergoing elective major abdominal surgery. Currently, a third
large multicenter trial is being analyzed, and results should soon be available [48].

Perioperative goal-directed therapy — future directions
Personalized hemodynamic management

The above-mentioned methods and PGDT protocols all use a general strategy of hemodynamic
optimization employing predefined “normal” values as hemodynamic targets. However, it is now
known that many hemodynamic variables have marked inter-individual variability and depend on
biometric factors [49]. For example, CO measured by transpulmonary thermodilution in critically ill
patients was shown to be independently associated with age, height, and body weight [50]. In addition,
left ventricular volume and stroke volume varies by gender and decreases with age [51,52]. Conse-
quently, the term personalized hemodynamic management has been suggested as a means to optimize
cardiovascular dynamics based on the patient's personal hemodynamic profile [49]. For PGDT, this
could be realized by implementing personalized concepts of hemodynamic management based on
individual baseline values and functional assessment of fluid responsiveness in the operating room.

Closed-loop system management

Other developments such as closed-loop system management are suggested to further help
implementing PGDT protocols in clinical practice. One of the largest trials on PGDT showed that there is
a learning curve for clinicians and that compliance to PGDT protocols is suboptimal [53]. A possible way
of integrating the monitoring of the variables in one place and increasing the compliance to the pro-
tocols is by implementing a closed-loop system for hemodynamic management. A closed-loop system
is a system where a controller monitors multiple variables and adjusts interventions using a feedback
process [54]. In the context of PGDT, a clinical example of a closed-loop system uses dynamic variables
(e.g., PPV and SVV) collected from an uncalibrated PCA monitor to automatically titrate fluid appli-
cation. This system has been tested in simulation [55,56], engineering studies [57], and animal studies
[58]. Clinical studies in patients undergoing moderate- and high-risk surgery have established feasi-
bility of implementing these systems and show that patients consequently spent a great portion of
time in a preload-independent state throughout surgery [59,60]. At the moment, the feasibility of a
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closed-loop system for vasopressor infusion is being developed, with initial promising results in
simulation and animal studies [61,62].

Summary

Perioperative goal-directed therapy aims at optimizing global hemodynamics during the periop-
erative period by titrating fluids, vasopressors, and/or inotropes to predefined hemodynamic goals.
There is evidence on the benefit of perioperative goal-directed therapy, but its adoption into clinical
practice is slow and incomprehensive. Current evidence indicates that treating patients according to
perioperative goal-directed therapy protocols reduces morbidity and mortality, particularly in patients
having high-risk surgery. Perioperative goal-directed therapy protocols need to be started early, should
include vasoactive agents in addition to fluids, and should target blood flow related variables. Future
promising developments in the field of perioperative goal-directed therapy include personalized he-
modynamic management and closed-loop system management.

Practice points

e Current evidence indicates that treating patients according to PGDT protocols reduces
morbidity and mortality, particularly in patients undergoing high-risk surgery. The PGDT
protocol needs to be started early (i.e., intraoperatively, not postoperatively), should include
vasoactive agents in addition to fluids, and should target blood flow related variables.

e Clinical heterogeneity between different studies makes drawing definite conclusions on the
benefit of PGDT on outcome difficult so that multicenter trials on this topic are still needed.

Research agenda

e Large multicenter trials (OPTIMISE-Il and FLO-ELA) are ongoing to further elucidate the
benefit of PGDT protocols.

e Future PGDT protocols will consider individual variability in optimal hemodynamic targets
and move toward personalized hemodynamic management.

e Further research on closed-loop systems to administer fluids and vasoactive agents will help
with improving protocol compliance.
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