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Summary
Propofol-based total intravenous anaesthesia is well known for its smooth, clear-headed recovery and anti-
emetic properties, but there are also many lesser known beneficial properties that can potentially influence
surgical outcome. We will discuss the anti-oxidant, anti-inflammatory and immunomodulatory effects of
propofol and their roles in pain, organ protection and immunity. We will also discuss the use of propofol in
cancer surgery, neurosurgery and older patients.
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Introduction
Propofol was discovered in 1977 and introduced to clinical

practice in 1986. Although initially used as an anaesthetic

induction agent, it became rapidly apparent that it was

suitable for infusion to produce sedation and anaesthesia

(total intravenous anaesthesia (TIVA)). Manual dosing

regimens were superseded by a pharmacokinetic target-

controlled infusion (TCI) pump (DiprifusorTM, AstraZeneca,

Cambridge, UK) which made intravenous administration as

simple as using a vaporiser with inhalational anaesthetic

agents. Since then propofol has become generic and

relatively inexpensive with newer pharmacokinetic models

applicable to infants and adults pre-installed in a variety of

commercial infusion pumps (‘open’ TCI). The development

of potent, short-acting, titratable opioids, such as

remifentanil, has made TIVA even easier. Despite the well-

known beneficial effects on postoperative recovery, the use

of TIVA/TCI remains low as evidenced in the 5th National

Audit Project of the Royal College of Anaesthetists (NAP5)

where TIVA accounted for only 8% of total cases in the UK

and Ireland [1]. In the USA, TCI has not been approved by

the US Food and Drug Administration where it is still

restricted to research. It is now the only country in the world

where this is the case and this has severely limited the

adoption of TIVA in theUSA.

In this article, we provide a comprehensive review of

the anaesthetic and non-anaesthetic benefits of propofol-

based anaesthesia. Propofol is a powerful hypnotic that

can be used in incremental doses to produce sedation

right through to general anaesthesia. Although it may be

used as a sole agent for sedation, it is almost always

combined with an opioid to provide the main analgesic

component during general anaesthesia [2] and our

discussion of TIVA throughout this review refers to

propofol- and opioid-based anaesthesia. It does not

include other intravenous drugs such as ketamine or

dexmedetomidine, which are sometimes included in

more expansive definitions of TIVA.
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Postoperative nausea and vomiting
Postoperative nausea and vomiting (PONV) is one of the

most common adverse effects of general anaesthesia with a

general incidence of 30% and can rise to 80% in patients

with additional risk factors [3]. Surgical patients prefer to

suffer pain rather than PONV [4] and would be willing to pay

considerable amounts of money for an effective anti-emetic

[5]. The relative importance of PONV is generally

underestimated but it can have a significant impact on

postoperative care. It can delay discharge, prevent oral fluid

and nutritional intake, increase treatment costs and lead to

serious complications such as wound dehiscence and

anastomotic leak [5]. For mechanical reasons, it can be

particularly dangerous in upper gastro-intestinal and head

and neck surgical procedures.

Propofol is an anti-emetic with a median plasma

concentration requirement of 343 ng.ml�1 for efficacy [6]

which is much lower than the dose requirement to produce

sedation or anaesthesia, which is usually > 1 lg.ml�1 [7].

Based on the randomised controlled trial (RCT) conducted

by Apfel et al. [8], TIVA has become a well-established

component of multimodal strategies to reduce a patient’s

risk of PONV. A recent meta-analysis showed that TIVA

reduces the relative risk of PONV by 39% (95%CI 31–47%)

compared with inhalational anaesthesia [9]; this reduction is

twice that reported by Apfel et al. [8], supporting consensus

guidelines that recommend TIVA in order to reduce

baseline PONV risk [10].

Free radical scavenging
Propofol is a phenolic derivative with the formula 2,6-di-

isopropylphenol and has a structure similar to a-tocopherol

(a type of vitamin E). In common with all phenol base-free

radical scavengers, it acts as an anti-oxidant by reacting with

free radicals to form a phenoxyl radical [11]. Tocopherols

have also been suggested to reduce the risk of cancer [12].

The anti-oxidant activity is significant, fast, stable and

dynamic at clinical concentrations [13, 14]. Major surgery

exposes the body to immense oxidative stress caused by

reactive oxygen species generated from tissue injury and

ischaemia–reperfusion injuries secondary to major vascular

clamping, for example, organ transplant, aortic cross

clamping, flap surgical procedures and tourniquet use [15].

The sources of reactive oxygen species are multiple and

include mitochondrial proteins such as cytochrome c and

nitric oxide synthase released from dysregulated

endothelium. This overproduction of reactive oxygen

species will tip the normal redox equilibrium in the body

and can result in damage to lipids, protein and DNA. The

balance between the severity of oxidative stress from

surgery and the anti-oxidant capacity of the body is

believed to contribute to the degree of organ dysfunction

and even surgical outcome in terms of complications and

oncological outcomes [16], although the evidence to

support a causativemechanism is still inconclusive.

Several in-vivo and in-vitro studies have proven

propofol’s free radical scavenging properties either by

directly chelating reactive oxygen species with the

formation of propofol-derived phenoxyl radicals, inhibiting

lipid peroxidation or increasing the anti-oxidant defence

capacity [14, 15]. In addition, several clinical studies

spanning coronary artery bypass graft surgery, liver

transplant and orthopaedic surgical procedures requiring

tourniquet, have demonstrated that the use of propofol as

the anaesthetic agent reduced the serum levels of

malondialdehyde, which is a metabolite of lipid

peroxidation [17–19]. Other mechanisms that have been

linked to propofol’s potential organ protective effect

include anti-apoptosis via the suppression of pro-apoptotic

protein Bax and an anti-inflammatory effect via inhibition of

macrophage production of tumour necrosis factor (TNF) a

and interleukins [20, 21].

Organprotection
Cardiac

Inhalational anaesthetic agents are thought to convey

protection against myocardial ischaemia–reperfusion injury

via the reperfusion injury salvage kinase and the survivor-

activating factor enhancement pathways [22]. This was

supported in a clinical study showing that a sevoflurane-

based anaesthetic technique in coronary artery surgery

resulted in lower troponin levels, shorter hospital stays and,

possibly, 1-year mortality, when compared with TIVA [23].

This benefit was extrapolated to patients with cardiac

disease undergoing non-cardiac surgery leading the

American Heart Association (AHA) to recommend

inhalational-based anaesthesia for these patients in 2007

[24]. However, there have been a similar number of trials

since 2007 showing no difference in postoperative troponin

levels. A Scandinavian registry of 10,535 patients

undergoing a variety of cardiac surgical procedures

showed that patients with pre-operative unstable angina

and/or recent myocardial infarction, and thus already

‘preconditioned,’ did not show any difference in mortality

between anaesthetic groups, and lower postoperative

mortality was only seen after sevoflurane in those without

these predictors (2.28% vs. 3.14%; p = 0.015) [25]. Patients

suffering pre-operative myocardial ischaemia actually

benefited from propofol anaesthesia, perhaps related to its

anti-oxidant effects. Cardiopulmonary bypass itself causes
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reperfusion injury that, when most severe, is clinically

manifested as a systemic inflammatory response syndrome.

The use of propofol during bypass is associated with a less

adverse inflammatory profile than isoflurane, as shown by

lower levels of cytokines and inflammatory biomarkers up to

24 h post-surgery [26]. These more recent data led to a

change in recommendation by the AHA in 2014 and they

are now equivocal about the anaesthetic technique for

patients with cardiac disease [27]. The heterogeneity in

study results has been attributed to differences in surgical

technique and administration pattern of the anaesthetic. In

addition, the study cohorts have generally been

inadequately powered to look at clinical outcomes such as

myocardial infarction and mortality, hence using surrogate

measures of myocardial injury. A recent trial published in

2019 is the largest and most recent trial looking at

inhalational vs. intravenous anaesthesia for patients

undergoing a single-vessel coronary artery bypass graft and

it showed no difference in 1-year mortality [28]. A recent

meta-analysis focusing on valve surgery showed similar

results [29]. Thus, although there are plausible mechanistic

reasons that various anaesthetics may protect against

myocardial injury and clinical evidence from surrogate

markers of such damage, no specific anaesthetic technique

has been shown to reduce mortality, morbidity or affect

long-term outcome in patients at risk of myocardial

ischaemia undergoing cardiac surgery [30, 31].

Kidney

Several animal studies creating models of renal ischaemia–

reperfusion injury have shown that propofol reduces

biomarkers of injury via adenosine triphosphate-sensitive

potassium (KATP) channels, activation of the

phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/

mammalian target of rapamycin (mTOR) signal pathway and

transforming growth factor beta-activated kinase 1 (TAK1)

[32–34]. This biological plausibility has not been extensively

studied and clinical studies are still limited [35]. A study of

112 patients undergoing cardiac valve surgery showed that

propofol-based anaesthesia reduced the incidence of acute

kidney injury (AKI) by more than a third when compared

with sevoflurane [36]. The severity of AKI in the propofol

group, when it did occur, was also reduced. However, other

studies have shown no difference in renal outcomes [37]

and it has been suggested that propofol dose, baseline

renal function and definition of AKI are potential

contributing factors. A retrospective study in critically ill

patients showed a reduction in the need for renal

replacement therapy when propofol was used as sedation

when compared with midazolam, suggesting possible renal

protection [38]. Nieuwenhuijs-Moeke et al. showed higher

urinary biomarkers of renal injury in living donor kidney

transplantation on the second day after transplantation in

patients receiving sevoflurane compared with propofol

anaesthesia, but this damage was not reflected in inferior

graft outcome [39].

Brain

Propofol reduces cerebral metabolic rate and preserves

flow metabolism coupling in the brain, with cerebral

autoregulation preserved at doses up to 300 lg.kg�1.min�1

[40, 41]. Inhalational anaesthetics not only reduce cerebral

metabolic rate but they also cause dose-dependent

cerebral blood vessel vasodilation and impairment of

cerebral autoregulation. However, with modern inhalational

agents this effect is minimal at standard clinical

concentrations and in the presence of normocapnia, with

cerebral autoregulation preserved at concentrations of up

to 1.5 minimum alveolar concentration (MAC) sevoflurane

[42] and 1.0MACdesflurane [43].

A meta-analysis in patients undergoing craniotomy

showed that propofol maintained anaesthesia results in

lower intracranial pressure and higher cerebral perfusion

pressure [44]. However, there were insufficient data to allow

analysis of clinical outcomes, such as neurological recovery

or mortality. A systematic review by the Cochrane group

showed that emergence time in patients undergoing

surgery from brain tumours was similar for sevoflurane and

propofol anaesthesia, although none of the identified

studies were of highmethodological quality [45].

Several preclinical studies have suggested theoretical

neurophysiological benefits of propofol; clinical doses of

inhalational anaesthetics may induce caspase activation,

apoptosis, Ab oligomerisation and accumulation,

neuroinflammation, tau protein hyperphosphorylation,

mitochondrial dysfunction and impairment of learning and

memory [46–48]. This has been reviewed in detail

elsewhere [49, 50]. These changes are a pathological

feature of neurodegenerative disorders, such as

Alzheimer’s and Parkinson’s disease, and in-vitro studies,

using nuclear magnetic resonance imaging, have indicated

that halothane interacts specifically with Ab peptide to

induce oligomerisation and that Ab 42 oligomerises faster

than Ab 40 [51]. Propofol only increases oligomerisation at

supra-clinical doses [46] andmay even attenuate isoflurane-

induced caspase-3 activation and Ab oligomerisation [52].

Despite the apparent physiological and cellular advantages,

clinical research has not conclusively demonstrated a

benefit in terms of postoperative cognitive function [53].

This may reflect physiological resilience as studies have also
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suggested that patients with pre-existing mild amnestic

cognitive impairment may be particularly vulnerable to

progression after sevoflurane compared with either

propofol or regional anaesthesia [54]. Emergence delirium,

however, appears to be less common after propofol

anaesthesia particularly in children and compared with

sevoflurane [55, 56]. Metabolomic profiling can elucidate

cellular events by measuring products of metabolism from

the brain in real time with proton magnetic resonance

spectroscopy. Cerebral metabolomic signatures are

different in children anaesthetised with sevoflurane vs.

propofol (sevoflurane produces higher lactate and glucose)

and brain glucose and lactate concentrations are correlated

with the propensity to exhibit emergence delirium.

Sevoflurane-induced enhanced cortical activity in the

unconscious state may interfere with rapid return to

‘coherent’ brain connectivity patterns required for normal

cognition upon emergence of anaesthesia [57].

Pain
Although the observation that propofol reduces pain after

surgery was serendipitous [58], there are clear mechanistic

reasons to explain this phenomenon. Propofol exerts a

positive modulation of the inhibitory function of the

neurotransmitter gamma-aminobutyric acid (GABA)

through GABAA receptors and this is believed to mediate

most of its anaesthetic effect [59]. Propofol also has actions

on other receptors that play a role in pain signalling; in-

vitro studies have found that propofol inhibits the

phosphorylation of a subunit of the N-methyl-D-aspartate

(NMDA) receptor leading to reduced glutamatergic

transmission [60] which may play an important role in the

central sensitisation of pain [61]. The anti-oxidant and anti-

inflammatory effects of propofol [62] are also believed to

mediate part of its analgesic effect. A meta-analysis of

randomised, controlled trials has shown that propofol was

associated with reduced pain scores 24 h after surgery

when compared with inhalational anaesthesia [63]. Other

studies have also reported a reduction in pain scores and

morphine consumption after surgery [64, 65]. However,

although the differences in pain in these studies

(measured using numeric rating scales (NRS)) reached

statistical significance, the absolute differences were small

(< 1 on NRS) suggesting that the benefits may not be

clinically-relevant.

Propofol-based anaesthesia may also affect the

incidence of chronic postsurgical pain. Chronic pain after

peripheral nerve injury is associated with afferent

hyperexcitability and upregulation of hyperpolarisation-

activated, cyclic nucleotide-regulated (HCN) pacemaker

currents in sensory neurons. There are four types of HCN

channels which are ubiquitously expressed and propofol

selectively inhibits HCN1-rich cells in the peripheral nervous

system, sparing the cardiac pacemaker current (carried

mostly by HCN2 and HCN4) and the central nervous system

(where all four isoforms are expressed). In a peripheral nerve

ligation model of neuropathic pain, sub-hypnotic propofol

was antihyperalgesic [66]. In a study of chronic postsurgical

pain, TIVA with propofol and remifentanil reduced the

incidence of chronic post-thoracotomy pain syndrome at 3

and 6 months when compared with sevoflurane [67]. Similar

results have also been seen after hysterectomy [68]. It is

likely, therefore, that propofol-based anaesthesia plays a role

in reducing both acute and chronic postoperative pain,

although the latter may be of greater clinical importance.

Propofol and the immune system
Surgery and its associated stress response causes

multisystem injury resulting in a wide range of endocrine,

immune and haematological effects. After major surgery,

there will be an increased release of cytokines such as

interleukin-1(IL-1) and TNF-⍺. This, in turn, will induce more

cytokine release, in particular IL-6, the principal mediator of

the subsequent acute phase response [69]. Surgery and the

stress response have been proven to suppress the activity of

the cell-mediated immune system, particularly natural killer

cell activity, and this immunosuppression is directly

proportional to the magnitude of surgery and trauma

produced. In addition, there are various other causes of

peri-operative immunosuppression such as hypothermia,

blood transfusion and pain-induced activation of the

hypothalamic–pituitary–adrenal axis [70].

Propofol has immunoprotective effects that are

mediated through a variety of pathways: it is anti-

inflammatory and able to inhibit cyclooxygenase (COX)-2,

reducing the production of prostaglandin E2 (PGE-2); it

preserves the function of natural killer cells which are

substantially downregulated by the surgical stress response

[71]; it diminishes the production of cytokines (IL-1, TNF-⍺
and IL-6) [72, 73]; and it enhances activation and

differentiation of peripheral T-helper cells which augment

cellular immunity [74]. Overall, propofol has been shown to

produce a protective effect on the immune system which

may have a positive role in improving patient outcomes,

especially after major surgery.

TIVA in special patient populations
Oncology surgery

According to theWorld Cancer Report, global cancer cases

are projected to increase by 50% from 2012 to 2030.
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Similarly, a rise in cancer deaths by 60% is anticipated

during the same period [75]. Around 80% of patients will

require some sort of surgical intervention during their

treatment and cancer surgery is associated with significant

morbidity and mortality, especially for patients who present

with advanced malignancy or who have pre-existing

comorbidities. There are many factors that can influence the

outcomes of cancer surgery, such as pre-operative

chemoradiotherapy, timing of surgery and the surgical

approach. The aforementioned are not under the direct

control of the anaesthetist but others are, such as

anaesthetic choice and the patients’ ability to return rapidly

to intended oncological therapy. The stress response from

surgery will result in immunosuppression but a competent

immune system, particularly natural killer cells, is required to

recognise tumour cells as ‘non-self’ and destroy them,

sometimes even before they become clinically detectable.

Another critical factor for tumour growth and spread is

neovascularisation which ismediated by vascular epidermal

growth factor and transforming growth factor (TGF)-b.

Vascular epidermal growth factor levels increase after

surgery, with a greater concentration seen in the surgical

site and this is proportional to the tissue damage inducedby

the operation [76, 77]. Surgery will also promote the release

of matrix metalloproteinase (MMP) which will increase the

motility and invasive capacity of free tumour cells [78].

Inhalational anaesthetics will upregulate hypoxia-inducible

factor (HIF-1⍺) in tumour cells and promote new vessel

formation which is linked with adverse patient prognosis

[79]. In addition, sevoflurane is shown to alter the secretion

of cytokines (IL-1b and TNF-⍺) by natural killer and natural

killer-like cells in-vitro [80]. Nitrous oxide inhibits

haematopoietic cell formation which depresses neutrophil

function and reduces mononuclear cell function [81]. In

animal models, nitrous oxide exposure is linked with

escalation of the development of lung and liver tumour

secondaries and, in fact, was the most potent stimulator of

liver metastasis of all anaesthetic drugs evaluated in that

study [82]. However, extrapolation of the above to human

clinical data is more difficult to interpret because there are

many confounding factors peri-operatively.

As stated earlier, propofol tends to relatively preserve

immune function and does not suppress cytotoxic activity of

natural killer cells. Furthermore, it is directly involved in the

regulation of both microRNAs, long non-coding RNAs and

various signalling pathways that serve to decrease cancer

development [83]. Multiple studies have attempted to

compare the outcomes of tumour surgery with the use of

propofol-based TIVAor inhalational anaesthetic agents. The

largest propensity-adjusted, retrospective analysis showed

that mortality was nearly 50% greater with inhalational than

with propofol anaesthesia [84]. In another systematic review,

statistical analysis of three retrospective studies, including a

total of 10,193 patients, supported the hypothesis that TIVA

is more favourable for cancer survival [85]. A recent meta-

analysis also suggested that TIVA is linked with enhanced

recurrence-free survival and overall survival in patients

undergoing cancer surgery [86]. Another recent study

found less unplanned intensive care unit admission after

thoracic lung resection surgery in patients receiving TIVA

[87]. Based on this evidence, TIVA does appear to be the

preferred anaesthetic especially in patients undergoing

cancer surgery and, consequently, there are a number of

large prospective multicentre studies currently ongoing

which should provide a definitive answer. It should also be

remembered that the ability to return to intended

oncological therapy plays an important role in cancer

treatment after surgery and, as discussed elsewhere in this

review, propofol anaesthesia may be advantageous in this

regard [88].

Neurosurgery

As discussed earlier, TIVA with propofol and remifentanil

offers theoretical advantages for neurosurgical procedures,

most notably rapid, smooth emergence with early recovery

of cognitive function [89]. Higher activity in the cortex

during sevoflurane anaesthesia, when compared with

propofol, may also account for the delay in return to

coherent brain connectivity presenting as delirium when

emerging from inhalational anaesthesia [57], although

results from clinical studies have shown conflicting results

[89, 90]. Rapid, coherent, smooth emergence without

vomiting is important for neurosurgical patients so that any

change in neurological status caused by surgery or

progression of underlying pathology can be assessed

rapidly. This is particularly important during the awake

phase of awake craniotomy, as the patient has to undergo a

battery of tests to map out pathological and eloquent areas.

Most of the studies in a systematic review on anaesthesia

management for awake craniotomy utilised propofol as part

of the anaesthetic regime, showing TIVA as the de facto

technique for awake surgery [91].

Another major indication for TIVA in neurosurgery is

when intra-operative neurophysiological monitoring is

considered, with somatosensory-evoked potential and

motor-evoked potential being the most commonmodalities.

Inhalational anaesthesia causes a much greater dose-

dependent depression of the evoked responses than

propofol [92] making TIVA the recommended anaesthetic

technique in various position statements [93, 94]. Total
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intravenous anaesthesia with remifentanil is able to provide

immobility during surgery without affecting neuromuscular

junction transmission, thus allowing compound muscle

action potentials such as in electromyography and motor-

evoked potential to be properly monitored. Motor-evoked

potentials are particularly sensitive to inhalational agents

and studies have shown that the presence of inhalational

agents increased the stimulation threshold required and

failure rate [95, 96]. The cortical response during

somatosensory-evoked potential monitoring is particularly

depressed by inhalational agents making them even more

undesirable for intracranial neurosurgery because this may

be the only monitoring site available distal to a subcortical

surgical site [97]. This is different in spinal surgery, as

preservation of either the cortical or subcortical response

will mean that the sensory-evoked potentials have passed

through the spinal cord, thus confirming its integrity.

Older patients

Older patients are more susceptible to the adverse effects

of both surgery and anaesthesia as they have less

physiological resilience and greater incidence of comorbid

medical conditions [98]. This will complicate the peri-

operative journey as the complexity of cases increases and

will, invariably, result in a higher incidence of unfavourable

postoperative outcomes. Furthermore, pharmacodynamic

sensitivity to anaesthetic agents also increases with age [99].

For inhalational agents, there is a decline in MAC by 0.6%

each year after the age of 40 [100]. A similar phenomenon is

observed with intravenous anaesthetic agents as

pharmacokinetics is altered such that the clearance of many

drugs is reduced while pharmacodynamic sensitivity

increases. Consequently, some clinicians may have

reservations in administering TIVA to older patients for fear

of overdose or hypotension [101], or because most

pharmacokinetic models used for TCI were developed in

young, healthy individuals [102]. However, there is no

evidence to indicate that propofol-based TIVA is unsafe or

harmful in older patients. As per recommendations, titration

to clinical effect is very important [103] and is, in fact, a clear

advantage of TIVA. Lack of familiarity with this technique

was suggested by a retrospective study showing that

clinicians often administer larger than recommended doses

of propofol to older patients resulting in more pronounced

dose-dependent effects [104]. A Cochrane review stated

that neither inhalational agents nor propofol-based TIVA

affects 30-day mortality or duration of hospital stay in

patients aged > 60 years undergoing non-cardiac surgery

[53]. There was, however, low-certainty evidence that

maintenance with propofol-based TIVA reduces peri-

operative neurocognitive disorder. As mentioned earlier,

propofol exhibits anti-inflammatory effects, free radical

scavenging and preserves cerebral autoregulation [105].

The neuroprotective effects have also been demonstrated

in diverse models of neuronal injury and it is also less likely

to exert neurotoxic effects than conventional inhalational

agents [106]. Total intravenous anaesthesia can be safely

administered to older patients by choosing a lower effect-

site concentration (Ce) to start with and then titrating slowly

to the desired anaesthetic depth with small increments in

Ce. Titration and intra-operative monitoring can be assisted

with processed electroencephalography (EEG) which can

both help avoid accidental overdosing and reduce the risk

of postoperative delirium and POCD [107]. As such,

compared with inhalational anaesthesia, TIVA has several

theoretical benefits in older patients, especially for those

who are at risk of developing postoperative neurocognitive

dysfunction, such as thosewith dementia [108].

Whyhas inhalational anaesthesia
persisted for so long?
The development of inhalational anaesthesia was a huge

medical advance at the time. Anaesthetic drugs are

exceptionally dangerous by virtue of their intended use and

have a very low therapeutic index. Being able to administer

these drugs by inhalational titration, relatively safely, was a

healthcare revolution that paved the way for surgery as we

now know it. Despite the advent of infusion pumps,

computers and sterile intravenous drugs, the inhalational

route of anaesthesia has become ingrained and

pharmaceutical companies continue to produce new drugs

based on this legacy. Inhalational anaesthesia is one of the

fundamental skills that every new anaesthetic trainee will

first master and TIVA seems to be considered as an

‘advanced’ competency, even though all anaesthetists

should be capable of using it [103]. Inhalational agents do

have certain advantages in that administration is relatively

simple, potency in terms of MAC is familiar and end-tidal

concentrations can be measured in real time. New agents

such as sevoflurane and desflurane have a fairly quick onset

and offset of action. In the UK and Ireland, only 8% of

anaesthetics are performed using TIVA [1] and two recent

surveys have helped to elucidate some of the reasons for

this, many of which are related to training and education

[109, 110]. For example, cost is often stated as an issue

against TIVA but, with the availability of generic propofol

and open TCI systems, TIVA can actually be markedly

cheaper than using sevoflurane and desflurane [111],

without factoring in the extra costs that may arise from poor

recovery.
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It is important to mention that the incidence of

awareness during general anaesthesia is nearly twice as

high during TIVA compared with inhalational anaesthesia

particularly when neuromuscular blocking agents are used,

although the overall incidence is still very low [1]. Accidental

awareness under general anaesthesia is commonly related

to errors in administration and it is apparent that better

education is required. Recently published guidelines [103,

112] go some way to helping with this but we believe

workshops and more practical training are necessary [113].

Most of the recommendations outlined in the Joint

Guidelines from the Association of Anaesthetists and the

Society for Intravenous Anaesthesia [103] are related to

enhancing the safety of intravenous drug delivery such as

the design of infusion sets, standardisation of drug regimen

and the use of a processed EEG as a further guide of

monitoring, especially in situations where neuromuscular

blocking drugs are used. When propofol-based TIVA is

used to maintain general anaesthesia, it is strongly

recommended to deliver the drug via a TCI pump as these

are able to obtain and maintain accurate steady-state

plasma concentrations in both clinical and validation

studies [114–117]. Commonly used pharmacokinetic

models are Schnider and Marsh [118, 119] for propofol and

Minto [120] for remifentanil infusion. Discussion of the

relative merits of these models is beyond the scope of this

review but clinicians should become familiar with one

model and learn how to titrate it. There are also models

commercially available for children [121, 122] and various

methods for administering TIVA in obese patients [123]. The

recent publication of the Eleveld model is a promising

development for more accurate TCI [124]. Processed EEG,

despite its own limitations, may be helpful in titrating

anaesthetic depth [125] and now there are even closed-

loop anaesthesia delivery systems that can titrate TCI

according to EEGparameters [126].

Conclusion
Modern anaesthesia is still mostly administered by the

inhalational route but there is increasing concern over their

potential for pollution and other adverse effects. Exposure to

halogenated hydrocarbons may cause reduction in anti-

oxidant activity in plasma and erythrocytes, inhibition of

neutrophil apoptosis, depression of central neurorespiratory

activity, increased DNA breaks, effects on cerebral blood

circulation and altered renal function. There are other

disadvantages of inhalation drugs that can be avoided or

reduced with propofol such as inhibition of hypoxic

vasoconstriction, increased intracranial pressure, administra-

tion practicalities (laryngoscopy, bronchoscopy, jet

Figure 1 A summary of the potential benefits of propofol-based TIVA. TIVA, total intravenous anaesthesia; ICP, intracranial
pressure; CMR, cerebralmetabolic rate; AKI, acute kidney injury; CPB, cardiopulmonary bypass; PONV, postoperative nausea
and vomiting; NK, natural killer.
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ventilation), malignant hyperthermia and PONV. Propofol has

anti-inflammation and powerful anti-oxidant properties which

are organ protective and may contribute to the better

analgesia seen after surgery compared with inhalation

anaesthesia. The peri-operative period creates a perfect

storm of inflammation, immunosuppression and tumour cell

liberation to drive cancer recurrence and metastasis.

Propofol has been shown to inhibit HIF-1a activity. This and

the anti-oxidant effects could explain the dramatic difference

in postoperative survival seen in retrospective studies of

cancer surgery that are currently being studied in a number

of randomised, controlled trials. The advent of remifentanil,

generic preparations of propofol and refinements to its lipid

vehicle make TIVA economically attractive. The potential

advantages of propofol are illustrated in Fig. 1. Easy to use

commercially available target-controlled drug delivery

systems have simplified TIVA making it as simple as using a

vaporiser. Total intravenous anaesthesia is, therefore, a

mainstream anaesthetic technique that all anaesthetists

should be familiar with and more practical teaching should

be prioritised in training programmes.

Acknowledgements
MI and MW are editors of Anaesthesia. No external funding

or competing interest declared.

References
1. Pandit JJ, Andrade J, Bogod DG, et al. 5th National Audit

Project (NAP5) on accidental awareness during general
anaesthesia: summary of main findings and risk factors. British
Journal of Anaesthesia 2014;113: 549–59.

2. Scott HB, Choi SW, Wong GT, Irwin MG. The effect of
remifentanil on propofol requirements to achieve loss of
response to command vs. loss of response to pain.
Anaesthesia 2017;72: 479–87.

3. Apfel CC, Laara E, Koivuranta M, Greim CA, Roewer N. A
simplified risk score for predicting postoperative nausea and
vomiting: conclusions from cross-validations between two
centers.Anesthesiology 1999;91: 693–700.

4. van Wijk MG, Smalhout B. A postoperative analysis of the
patient’s view of anaesthesia in a Netherlands’ teaching
hospital.Anaesthesia 1990;45: 679–82.

5. Gan T, Sloan F, Dear Gde L, El-Moalem HE, Lubarsky DA.
How much are patients willing to pay to avoid postoperative
nausea and vomiting? Anesthesia and Analgesia 2001; 92:
393–400.

6. Gan TJ, Glass PS, Howell ST, Canada AT, Grant AP, Ginsberg
B. Determination of plasma concentrations of propofol
associated with 50% reduction in postoperative nausea.
Anesthesiology 1997;87: 779–84.

7. Tramer MR. Treatment of postoperative nausea and vomiting.
BritishMedical Journal 2003;327: 762–3.

8. Apfel CC, Korttila K, Abdalla M, et al. A factorial trial of
six interventions for the prevention of postoperative nausea
and vomiting. New England Journal of Medicine 2004; 350:
2441–51.

9. Schraag S, Pradelli L, Alsaleh AJO, et al. Propofol vs.
inhalational agents to maintain general anaesthesia in

ambulatory and in-patient surgery: a systematic review and
meta-analysis. BMCAnesthesiology 2018;18: 162.

10. Gan TJ, Diemunsch P, Habib AS, et al. Consensus guidelines
for the management of postoperative nausea and vomiting.
Anesthesia andAnalgesia 2014;118: 85–113.

11. Tsuchiya H, Ueno T, Tanaka T, Matsuura N, Mizogami M.
Comparative study on determination of antioxidant and
membrane activities of propofol and its related compounds.
European Journal of Pharmaceutical Sciences 2010; 39: 97–
102.

12. Das Gupta S, Suh N. Tocopherols in cancer: an update.
Molecular Nutrition and Food Research 2016;60: 1354–63.

13. Murphy PG, Myers DS, Davies MJ, Webster NR, Jones JG. The
antioxidant potential of propofol (2,6-diisopropylphenol).
British Journal of Anaesthesia 1992;68: 613–18.

14. Li W, Zhang Y, Liu Y, et al. In vitro kinetic evaluation of the free
radical scavenging ability of propofol. Anesthesiology 2012;
116: 1258–66.

15. Rosenfeldt F, Wilson M, Lee G, et al. Oxidative stress in
surgery in an ageing population: pathophysiology and
therapy. Experimental Gerontology 2013;48: 45–54.

16. Senoner T, Schindler S, Stattner S, Ofner D, Troppmair J,
Primavesi F. Associations of oxidative stress and postoperative
outcome in liver surgery with an outlook to future potential
therapeutic options. Oxidative Medicine and Cellular
Longevity 2019;2019: 3950818.

17. Kahraman S, Kilinc K, Dal D, Erdem K. Propofol attenuates
formation of lipid peroxides in tourniquet-induced ischaemia-
reperfusion injury. British Journal of Anaesthesia 1997; 78:
279–81.

18. Sayin MM, Ozatamer O, Tasoz R, Kilinc K, Unal N. Propofol
attenuates myocardial lipid peroxidation during coronary
artery bypass grafting surgery. British Journal of Anaesthesia
2002;89: 242–6.

19. Tsai YF, Lin CC, Lee WC, Yu HP. Propofol attenuates ischemic
reperfusion-induced formation of lipid peroxides in liver
transplant recipients. Transplantation Proceedings 2012; 44:
376–9.

20. Chen RM, Chen TG, Chen TL, et al. Anti-inflammatory and
antioxidative effects of propofol on lipopolysaccharide-
activated macrophages. Annals of the New York Academy of
Sciences 2005;1042: 262–71.

21. Engelhard K, Werner C, Eberspacher E, et al. Sevoflurane and
propofol influence the expression of apoptosis-regulating
proteins after cerebral ischaemia and reperfusion in rats.
European Journal of Anaesthesiology 2004;21: 530–7.

22. Kunst G, Klein AA. Peri-operative anaesthetic myocardial
preconditioning and protection – cellular mechanisms and
clinical relevance in cardiac anaesthesia. Anaesthesia 2015;
70: 467–82.

23. Likhvantsev VV, Landoni G, Levikov DI, Grebenchikov OA,
Skripkin YV, Cherpakov RA. Sevoflurane versus total
intravenous anesthesia for isolated coronary artery bypass
surgery with cardiopulmonary bypass: a randomized trial.
Journal of Cardiothoracic and Vascular Anesthesia 2016; 30:
1221–7.

24. Fleisher LA, Beckman JA, Brown KA, et al. ACC/AHA 2007
guidelines on perioperative cardiovascular evaluation and
care for noncardiac surgery: executive summary: a report of
the American College of Cardiology/American Heart
Association Task Force on Practice Guidelines. Circulation
2007; 116: 1971–96.

25. Jakobsen CJ, Berg H, Hindsholm KB, Faddy N, Sloth E. The
influence of propofol versus sevoflurane anesthesia on
outcome in 10,535 cardiac surgical procedures. Journal of
Cardiothoracic and Vascular Anesthesia 2007;21: 664–71.

26. Sayed S, Idriss NK, Sayyedf HG, et al. Effects of propofol and
isoflurane on haemodynamics and the inflammatory response

© 2020Association of Anaesthetists e97

Irwin et al. | TIVA and surgical outcomes Anaesthesia 2020, 75 (Suppl. 1), e90–e100



in cardiopulmonary bypass surgery. British Journal of
Biomedical Science 2015;72: 93–101.

27. Fleisher LA, Fleischmann KE, Auerbach AD, et al. 2014 ACC/
AHA guideline on perioperative cardiovascular evaluation
andmanagement of patients undergoing noncardiac surgery:
a report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines.
Circulation 2014;130: e278–333.

28. Landoni G, Lomivorotov VV, Nigro Neto C, et al. Volatile
anesthetics versus total intravenous anesthesia for cardiac
surgery. New England Journal of Medicine 2019; 380: 1214–
25.

29. Ren SF, Yu H, Guo YQ, Yu H. Inhalation versus intravenous
anesthesia for adults undergoing heart valve surgery: a
systematic review andmeta-analysis.Minerva Anestesiologica
2019;85: 665–75.

30. Pagel PS. Myocardial protection by volatile anesthetics in
patients undergoing cardiac surgery: a critical review of the
laboratory and clinical evidence. Journal of Cardiothoracic
and Vascular Anesthesia 2013;27: 972–82.

31. Xia Z, Li H, Irwin MG. Myocardial ischaemia reperfusion injury:
the challenge of translating ischaemic and anaesthetic
protection from animal models to humans. British Journal of
Anaesthesia 2016;117 (Suppl 2): ii44-ii62.

32. Assad AR, Delou JM, Fonseca LM, et al. The role of KATP
channels on propofol preconditioning in a cellular model of
renal ischemia-reperfusion. Anesthesia and Analgesia 2009;
109: 1486–92.

33. Wu H, Zhou J, OuW, Li Y, Liu M, Yang C. TAK1 as themediator
in the protective effect of propofol on renal interstitial fibrosis
induced by ischemia/reperfusion injury. European Journal of
Pharmacology 2017;811: 134–40.

34. Wei Q, Zhao J, Zhou X, Yu L, Liu Z, Chang Y. Propofol can
suppress renal ischemia-reperfusion injury through the
activation of PI3K/AKT/mTOR signal pathway. Gene 2019;
708: 14–20.

35. Motayagheni N, Phan S, Eshraghi C, Nozari A, Atala A. A
review of anesthetic effects on renal function: potential organ
protection.American Journal of Nephrology 2017;46: 380–9.

36. Yoo YC, Shim JK, Song Y, Yang SY, Kwak YL. Anesthetics
influence the incidence of acute kidney injury following
valvular heart surgery. Kidney International 2014;86: 414–22.

37. Oh TK, Kim J, Han S, Kim K, Jheon S, Ji E. Effect of sevoflurane-
based or propofol-based anaesthesia on the incidence of
postoperative acute kidney injury: a retrospective propensity
score-matched analysis. European Journal of Anaesthesiology
2019;36: 649–55.

38. Leite TT,Macedo E,Martins Ida S, Neves FM, Liborio AB. Renal
outcomes in critically ill patients receiving propofol or
midazolam. Clinical Journal of the American Society of
Nephrology 2015;10: 1937–45.

39. Nieuwenhuijs-Moeke GJ, Nieuwenhuijs VB, Seelen MAJ, et al.
Propofol-based anaesthesia versus sevoflurane-based
anaesthesia for living donor kidney transplantation: results of
the VAPOR-1 randomized controlled trial. British Journal of
Anaesthesia 2017;118: 720–32.

40. Matta BF, Lam AM, Strebel S, Mayberg TS. Cerebral pressure
autoregulation and carbon dioxide reactivity during propofol-
induced EEG suppression. British Journal of Anaesthesia
1995;74: 159–63.

41. Strebel S, LamAM,Matta B,Mayberg TS, Aaslid R, Newell DW.
Dynamic and static cerebral autoregulation during isoflurane,
desflurane, and propofol anesthesia. Anesthesiology 1995;
83: 66–76.

42. Gupta S, Heath K, Matta BF. Effect of incremental doses of
sevoflurane on cerebral pressure autoregulation in humans.
British Journal of Anaesthesia 1997;79: 469–72.

43. Bedforth NM, Girling KJ, Skinner HJ, Mahajan RP. Effects of
desflurane on cerebral autoregulation. British Journal of
Anaesthesia 2001;87: 193–7.

44. Chui J, Mariappan R, Mehta J, Manninen P, Venkatraghavan L.
Comparison of propofol and volatile agents for maintenance
of anesthesia during elective craniotomy procedures:
systematic review and meta-analysis. Canadian Journal of
Anesthesia 2014;61: 347–56.

45. Prabhakar H, Singh GP, Mahajan C, Kapoor I, Kalaivani M,
Anand V. Intravenous versus inhalational techniques for rapid
emergence from anaesthesia in patients undergoing brain
tumour surgery. Cochrane Database of Systematic Reviews
2016;9: CD010467.

46. Eckenhoff RG, Johansson JS, Wei H, et al. Inhaled anesthetic
enhancement of amyloid-beta oligomerization and
cytotoxicity.Anesthesiology 2004;101: 703–9.

47. Xie Z, Dong Y, Maeda U, et al. The common inhalation
anesthetic isoflurane induces apoptosis and increases
amyloid beta protein levels. Anesthesiology 2006; 104:
988–94.

48. Xie Z, Culley DJ, Dong Y, et al. The common inhalation
anesthetic isoflurane induces caspase activation and
increases amyloid beta-protein level in vivo. Annals of
Neurology 2008;64: 618–27.

49. Bittner EA, Yue Y, Xie Z. Brief review: anesthetic neurotoxicity
in the elderly, cognitive dysfunction and Alzheimer’s disease.
Canadian Journal of Anesthesia 2011;58: 216–23.

50. Tang J, Eckenhoff MF, Eckenhoff RG. Anesthesia and the old
brain.Anesthesia andAnalgesia 2010;110: 421–6.

51. Mandal PK, Pettegrew JW, McKeag DW, Mandal R.
Alzheimer’s disease: halothane induces Abeta peptide to
oligomeric form–solution NMR studies. Neurochemical
Research 2006;31: 883–90.

52. Zhang Y, Zhen Y, Dong Y, et al. Anesthetic propofol attenuates
the isoflurane-induced caspase-3 activation and Abeta
oligomerization. PLoSOne 2011;6: e27019.

53. Miller D, Lewis SR, Pritchard MW, et al. Intravenous versus
inhalational maintenance of anaesthesia for postoperative
cognitive outcomes in elderly people undergoing non-
cardiac surgery. Cochrane Database of Systematic Reviews
2018;8: CD012317.

54. Liu Y, Pan N, Ma Y, et al. Inhaled sevoflurane may promote
progression of amnestic mild cognitive impairment: a
prospective, randomized parallel-group study. American
Journal of theMedical Sciences 2013;345: 355–60.

55. Wong DD, Bailey CR. Emergence delirium in children.
Anaesthesia 2015;70: 383–7.

56. Kanaya A, Kuratani N, Satoh D, Kurosawa S. Lower incidence
of emergence agitation in children after propofol anesthesia
compared with sevoflurane: a meta-analysis of randomized
controlled trials. Journal of Anesthesia 2014;28: 4–11.

57. Jacob Z, Li H, Makaryus R, et al. Metabolomic profiling of
children’s brains undergoing general anesthesia with
sevoflurane and propofol. Anesthesiology 2012; 117: 1062–
71.

58. Cheng SS, Yeh J, Flood P. Anesthesia matters: patients
anesthetized with propofol have less postoperative pain than
those anesthetized with isoflurane. Anesthesia and Analgesia
2008;106: 264–9.

59. Trapani G, Altomare C, Liso G, Sanna E, Biggio G. Propofol in
anesthesia. Mechanism of action, structure-activity
relationships, and drug delivery. Current Medicinal Chemistry
2000;7: 249–71.

60. Kingston S, Mao L, Yang L, Arora A, Fibuch EE, Wang JQ.
Propofol inhibits phosphorylation of N-methyl-D-aspartate
receptor NR1 subunits in neurons. Anesthesiology 2006; 104:
763–9.

e98 © 2020 Association of Anaesthetists

Anaesthesia 2020, 75 (Suppl. 1), e90–e100 Irwin et al. | TIVA and surgical outcomes



61. Qiu Q, Sun L, Wang XM, et al. Propofol produces preventive
analgesia via GluN2B-containing NMDA Receptor/ERK1/2
Signaling Pathway in a rat model of inflammatory pain.
Molecular Pain 2017;13: 1744806917737462.

62. Ansley DM, Lee J, Godin DV, Garnett ME, Qayumi AK.
Propofol enhances red cell antioxidant capacity in swine and
humans.Canadian Journal of Anaesthesia 1998;45: 233–9.

63. Qiu Q, Choi SW, Wong SS, Irwin MG, Cheung CW. Effects of
intra-operative maintenance of general anaesthesia with
propofol on postoperative pain outcomes – a systematic
review andmeta-analysis.Anaesthesia 2016;71: 1222–33.

64. Chan AC, Qiu Q, Choi SW, et al. Effects of intra-operative total
intravenous anaesthesia with propofol versus inhalational
anaesthesia with sevoflurane on post-operative pain in liver
surgery: a retrospective case-control study. PLoS One 2016;
11: e0149753.

65. Lin WL, Lee MS, Wong CS, et al. Effects of intraoperative
propofol-based total intravenous anesthesia on postoperative
pain in spine surgery: comparison with desflurane anesthesia
– a randomised trial.Medicine 2019;98: e15074.

66. Tibbs GR, Rowley TJ, Sanford RL, et al. HCN1 channels as
targets for anesthetic and nonanesthetic propofol analogs in
the amelioration of mechanical and thermal hyperalgesia in a
mouse model of neuropathic pain. Journal of Pharmacology
and Experimental Therapeutics 2013;345: 363–73.

67. Song JG, Shin JW, Lee EH, et al. Incidence of post-
thoracotomy pain: a comparison between total intravenous
anaesthesia and inhalation anaesthesia. European Journal of
Cardio-Thoracic Surgery 2012;41: 1078–82.

68. Ogurlu M, Sari S, Kucuk M, et al. Comparison of the effect of
propofol and sevoflurane anaesthesia on acute and chronic
postoperative pain after hysterectomy. Anaesthesia and
Intensive Care 2014;42: 365–70.

69. Sheeran P, Hall GM. Cytokines in anaesthesia. British Journal
of Anaesthesia 1997;78: 201–19.

70. Snyder GL, Greenberg S. Effect of anaesthetic technique and
other perioperative factors on cancer recurrence. British
Journal of Anaesthesia 2010;105: 106–15.

71. Ke JJ, Zhan J, Feng XB, Wu Y, Rao Y, Wang YL. A comparison
of the effect of total intravenous anaesthesia with propofol and
remifentanil and inhalational anaesthesia with isoflurane on
the release of pro- and anti-inflammatory cytokines in patients
undergoing open cholecystectomy. Anaesthesia and
Intensive Care 2008;36: 74–8.

72. Gonzalez-Correa JA, Cruz-Andreotti E, Arrebola MM, Lopez-
Villodres JA, JodarM, De LaCruz JP. Effects of propofol on the
leukocyte nitric oxide pathway: in vitro and ex vivo studies in
surgical patients. Naunyn Schmiedeberg’s Archives of
Pharmacology 2008;376: 331–9.

73. Takaono M, Yogosawa T, Okawa-Takatsuji M, Aotsuka S.
Effects of intravenous anesthetics on interleukin (IL)-6
and IL-10 production by lipopolysaccharide-stimulated
mononuclear cells from healthy volunteers. Acta
Anaesthesiologica Scandinavica 2002;46: 176–9.

74. Ren XF, Li WZ, Meng FY, Lin CF. Differential effects of propofol
and isoflurane on the activation of T-helper cells in lung cancer
patients.Anaesthesia 2010;65: 478–82.

75. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA. Jemal A
Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185
countries. CA: A Cancer Journal for Clinicians 2018; 68:
394–424.

76. Hormbrey E, Han C, Roberts A, McGrouther DA, Harris AL. The
relationship of human wound vascular endothelial growth
factor (VEGF) after breast cancer surgery to circulating VEGF
and angiogenesis.Clinical Cancer Research 2003;9: 4332–9.

77. Nakasaki T,Wada H, Shigemori C, Miki C, Gabazza EC, Nobori
T. Expression of tissue factor and vascular endothelial growth

factor is associated with angiogenesis in colorectal cancer.
American Journal of Hematology 2002;69: 247–54.

78. Green JS, Tsui BC. Impact of anesthesia for cancer surgery:
continuing professional development. Canadian Journal of
Anesthesia 2013;60: 1248–69.

79. Tavare AN, Perry NJ, Benzonana LL, Takata M, Ma D. Cancer
recurrence after surgery: direct and indirect effects of
anesthetic agents. International Journal of Cancer 2012; 130:
1237–50.

80. Mitsuhata H, Shimizu R, YokoyamaMM. Suppressive effects of
volatile anesthetics on cytokine release in human peripheral
blood mononuclear cells. International Journal of
Immunopharmacology 1995;17: 529–34.

81. Weimann J. Toxicity of nitrous oxide. Best Practice and
Research: Clinical Anaesthesiology 2003;17: 47–61.

82. Shapiro J, Jersky J, Katzav S, Feldman M, Segal S. Anesthetic
drugs accelerate the progression of postoperative metastases
of mouse tumors. Journal of Clinical Investigation 1981; 68:
678–85.

83. Jiang S, Liu Y, Huang L, Zhang F, Kang R. Effects of propofol on
cancer development and chemotherapy: potential
mechanisms. European Journal of Pharmacology 2018; 831:
46–51.

84. Wigmore TJ, Mohammed K, Jhanji S. Long-term survival for
patients undergoing volatile versus iv anesthesia for cancer
surgery: a retrospective analysis. Anesthesiology 2016; 124:
69–79.

85. Soltanizadeh S, Degett TH, Gogenur I. Outcomes of cancer
surgery after inhalational and intravenous anesthesia: a
systematic review. Journal of Clinical Anesthesia 2017; 42:
19–25.

86. Yap A, Lopez-Olivo MA, Dubowitz J, et al. Anesthetic
technique and cancer outcomes: a meta-analysis of total
intravenous versus volatile anesthesia. Canadian Journal of
Anesthesia 2019;66: 546–61.

87. Shelley BG, McCall PJ, Glass A, et al. Association between
anaesthetic technique and unplanned admission to intensive
care after thoracic lung resection surgery: the second
Association of Cardiothoracic Anaesthesia and Critical Care
(ACTACC)National Audit.Anaesthesia 2019;74: 1121–9.

88. Ni Eochagain A, Burns D, Riedel B, Sessler DI, Buggy DJ. The
effect of anaesthetic technique during primary breast cancer
surgery on neutrophil-lymphocyte ratio, platelet-lymphocyte
ratio and return to intended oncological therapy. Anaesthesia
2018;73: 603–11.

89. Larsen B, Seitz A, Larsen R. Recovery of cognitive function after
remifentanil-propofol anesthesia: a comparison with
desflurane and sevoflurane anesthesia. Anesthesia and
Analgesia 2000;90: 168–74.

90. Magni G, Baisi F, La Rosa I, et al. No difference in emergence
time and early cognitive function between sevoflurane-
fentanyl and propofol-remifentanil in patients undergoing
craniotomy for supratentorial intracranial surgery. Journal of
Neurosurgical Anesthesiology 2005;17: 134–8.

91. Stevanovic A, Rossaint R, Veldeman M, Bilotta F, Coburn M.
Anaesthesia management for awake craniotomy: systematic
review andmeta-analysis. PLoSOne 2016;11: e0156448.

92. Liu EH, Wong HK, Chia CP, Lim HJ, Chen ZY, Lee TL. Effects of
isoflurane and propofol on cortical somatosensory evoked
potentials during comparable depth of anaesthesia as guided
by bispectral index. British Journal of Anaesthesia 2005; 94:
193–7.

93. Macdonald DB, Skinner S, Shils J, et al. Intraoperative motor
evoked potential monitoring – a position statement by the
American Society of Neurophysiological Monitoring. Clinical
Neurophysiology 2013;124: 2291–316.

94. Toleikis JR. Intraoperative monitoring using somatosensory
evoked potentials. A position statement by the American

© 2020Association of Anaesthetists e99

Irwin et al. | TIVA and surgical outcomes Anaesthesia 2020, 75 (Suppl. 1), e90–e100



Society of Neurophysiological Monitoring. Journal of Clinical
Monitoring andComputing 2005;19: 241–58.

95. Deiner SG, Kwatra SG, Lin HM, Weisz DJ. Patient
characteristics and anesthetic technique are additive but not
synergistic predictors of successful motor evoked potential
monitoring.Anesthesia andAnalgesia 2010;111: 421–5.

96. SimonMV, Michaelides C,Wang S, Chiappa KH, Eskandar EN.
The effects of EEG suppression and anesthetics on stimulus
thresholds in functional cortical motor mapping. Clinical
Neurophysiology 2010;121: 784–92.

97. Saito T, Tamura M, Chernov MF, Ikuta S, Muragaki Y,
Maruyama T. Neurophysiological monitoring and awake
craniotomy for resection of intracranial gliomas. Progress in
Neurological Surgery 2018;30: 117–58.

98. Vogeli C, Shields AE, Lee TA, et al. Multiple chronic
conditions: prevalence, health consequences, and
implications for quality, care management, and costs. Journal
of General InternalMedicine 2007;22(Suppl. 3): 391–5.

99. Rivera R, Antognini JF. Perioperative drug therapy in elderly
patients.Anesthesiology 2009;110: 1176–81.

100. Mapleson WW. Effect of age on MAC in humans: a meta-
analysis. British Journal of Anaesthesia 1996;76: 179–85.

101. Fairfield JE, Dritsas A, Beale RJ. Haemodynamic effects of
propofol: induction with 2.5 mg kg-1. British Journal of
Anaesthesia 1991;67: 618–20.

102. Absalom AR, Mani V, De Smet T, Struys MM. Pharmacokinetic
models for propofol–defining and illuminating the devil in the
detail. British Journal of Anaesthesia 2009;103: 26–37.

103. Nimmo AF, Absalom AR, Bagshaw O, et al. Guidelines for the
safe practice of total intravenous anaesthesia (TIVA): joint
guidelines from the Association of Anaesthetists and the
Society for Intravenous Anaesthesia. Anaesthesia 2019; 74:
211–24.

104. Phillips AT, Deiner S, Mo Lin H, Andreopoulos E, Silverstein J,
Levin MA. Propofol use in the elderly population: prevalence
of overdose and association with 30-day mortality. Clinical
Therapeutics 2015;37: 2676–85.

105. Vasileiou I, Xanthos T, Koudouna E, et al. Propofol: a review of
its non-anaesthetic effects. European Journal of
Pharmacology 2009;605: 1–8.

106. Fan W, Zhu X, Wu L, et al. Propofol: an anesthetic possessing
neuroprotective effects. European Review for Medical and
Pharmacological Sciences 2015;19: 1520–9.

107. Punjasawadwong Y, Chau-In W, Laopaiboon M,
Punjasawadwong S, Pin-On P. Processed electroencephalo-
gram and evoked potential techniques for amelioration of
postoperative delirium and cognitive dysfunction following
non-cardiac and non-neurosurgical procedures in adults.
Cochrane Database of Systematic Reviews 2018; 5:
CD011283.

108. White S, Griffiths R, Baxter M, et al. Guidelines for the peri-
operative care of people with dementia: guidelines from
the Association of Anaesthetists. Anaesthesia 2019; 74:
357–72.

109. Wong GTC, Choi SW, Tran DH, Kulkarni H, Irwin MG. An
international survey evaluating factors influencing the use of
total intravenous anaesthesia. Anaesthesia and Intensive Care
2018;46: 332–8.

110. Lim A, Braat S, Hiller J, Riedel B. Inhalational versus propofol-
based total intravenous anaesthesia: practice patterns and

perspectives among Australasian anaesthetists. Anaesthesia
and Intensive Care 2018;46: 480–7.

111. Lam DH, Ng MD. A cost comparison between total
intravenous and volatile-based anaesthesia. Anaesthesia and
Intensive Care 2018;46: 633.

112. Irwin MG, Wong GTC. Taking on TIVA. Why we need
guidelines on total intravenous anaesthesia. Anaesthesia
2019;74: 140–2.

113. Irwin MG, Wong GTC, Lam SW. Taking on TIVA: Debunking
Myths and Dispelling Misunderstandings. Cambridge, UK:
CambridgeUniversity Press; 2020 (in press).

114. Hu C, Horstman DJ, Shafer SL. Variability of target-controlled
infusion is less than the variability after bolus injection.
Anesthesiology 2005;102: 639–45.

115. Egan TD. Shafer SL Target-controlled infusions for intravenous
anesthetics: surfing USA not!. Anesthesiology 2003; 99:
1039–41.

116. Coppens M, Van Limmen JG, Schnider T, et al. Study of the
time course of the clinical effect of propofol compared with
the time course of the predicted effect-site concentration:
performance of three pharmacokinetic-dynamic models.
British Journal of Anaesthesia 2010;104: 452–8.

117. Struys M, Versichelen L, Thas O, Herregods L, Rolly G.
Comparison of computer-controlled administration of
propofol with two manually controlled infusion techniques.
Anaesthesia 1997;52: 41–50.

118. Schnider TW, Minto CF, Gambus PL, et al. The influence of
method of administration and covariates on the
pharmacokinetics of propofol in adult volunteers.
Anesthesiology 1998;88: 1170–82.

119. Marsh B, White M, Morton N, Kenny GN. Pharmacokinetic
model driven infusion of propofol in children. British Journal
of Anaesthesia 1991;67: 41–8.

120. Minto CF, Schnider TW, Egan TD, et al. Influence of age and
gender on the pharmacokinetics and pharmacodynamics of
remifentanil. I. Model development. Anesthesiology 1997;
86: 10–23.

121. Kataria BK, Ved SA, Nicodemus HF, et al. The
pharmacokinetics of propofol in children using three different
data analysis approaches.Anesthesiology 1994;80: 104–22.

122. Absalom A. Kenny G ‘Paedfusor’ pharmacokinetic data set.
British Journal of Anaesthesia 2005;95: 110.

123. Cortinez LI, De la Fuente N, Eleveld DJ, et al. Performance of
propofol target-controlled infusion models in the obese:
pharmacokinetic and pharmacodynamic analysis. Anesthesia
andAnalgesia 2014;119: 302–10.

124. Struys MM, Vereecke H, Moerman A, et al. Ability of the
bispectral index, autoregressive modelling with exogenous
input-derived auditory evoked potentials, and predicted
propofol concentrations to measure patient responsiveness
during anesthesia with propofol and remifentanil.
Anesthesiology 2003;99: 802–12.

125. Eleveld DJ, Colin P, Absalom AR, Struys MMRF.
Pharmacokinetic–pharmacodynamic model for propofol for
broad application in anaesthesia and sedation. British Journal
of Anaesthesia 2018;120: 942–59.

126. Pasin L, Nardelli P, Pintaudi M, et al. Closed-loop delivery
systems versus manually controlled administration of total iv
anesthesia: a meta-analysis of randomized clinical trials.
Anesthesia andAnalgesia 2017;124: 456–64.

e100 © 2020 Association of Anaesthetists

Anaesthesia 2020, 75 (Suppl. 1), e90–e100 Irwin et al. | TIVA and surgical outcomes


