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Abstract

:

This narrative review provides an update on the applied pharmacology of lidocaine, its clinical scope in anaesthesia, novel concepts of analgesic and immune-modulatory effects as well as the current controversy around its use in perioperative opioid-sparing multi-modal strategies. Potential benefits of intravenous lidocaine in the context of cancer, inflammation and chronic pain are discussed against concerns of safety, toxicity and medico-legal constraints.
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1. Introduction


Lidocaine is one of the most commonly used drugs in anaesthetics. It was first synthesised in 1942 under the name Xylocaine® and subsequently approved for use in 1948 in Sweden [1]. Since 1977, it has been listed in the World Health Organisation’s Model List of Essential Medicines as a local anaesthetic and also for the management of ventricular tachyarrhythmia [2]. These essential medicines are known to have public health relevance in terms of efficacy, safety and cost-effectiveness [3]. As a local anaesthetic, lidocaine can be used for surface anaesthesia, infiltration anaesthesia, intravenous regional analgesia and nerve block and dental anaesthesia [4]. Historically, lidocaine has been used intravenously as an anti-arrhythmic agent [5]. First reports of lidocaine’s analgesic properties date back to the 1950s and 60s [6,7,8]. However, research has recently come to light suggesting intravenous lidocaine may have potential benefits in the perioperative setting. It may have a role in reducing both pain and postoperative nausea and vomiting (PONV), which are two of the most common complaints after surgery and anaesthesia. Therefore, it may prove to be useful in the improvement of postoperative pain and recovery outcomes. This review aims to explore the mechanism of action of intravenous lidocaine, its potential use in the perioperative setting, alongside its safety profiles and efficacy for different types of surgeries. In addition to its anaesthetic properties, lidocaine may also have immune modulatory properties which may be beneficial for cancer treatment, which this review also aims to briefly delve into.




2. Pharmacology and Mechanism of Action


Lidocaine is an amide type local anaesthetic with the molecular structure of C14H22N2O [5]. When administered intravenously it is 60–80% protein bound, mainly to the acute phase reactant alpha-1-glycoprotein [9]. Lidocaine crosses both the blood brain barrier and placenta through simple passive diffusion. It is also excreted in breast milk; hence, in order to avoid toxicity to the breast-fed infant, this needs to be taken into consideration in breastfeeding mothers [5].



The main metabolism of lidocaine is by oxidative N-dealkylation. This occurs mainly in the liver by the cytochrome p450 system, specifically the enzyme CYP3A4 [10]. Lidocaine is deethylated to its active metabolite monoethylglicinexylidide (MEGX), then to glycinexylidide (GX), and various other metabolites. The latter is further hydrolysed to other byproducts found in urine. Figure 1 below shows the chemical structure of lidocaine and its metabolites.



The MEGX concentration has been used to evaluate liver function after lidocaine administration [11]. In terms of its anti-convulsant and anti-arrhythmic properties, MEGX has around 80% potency compared to that of lidocaine [12]; it also decreases the clearance of lidocaine [13]. Conversely, GX has much less activity and is metabolised and excreted by the kidney. MEGX and GX can cause toxicity in patients with cardiac failure and renal failure, respectively [13].



Lidocaine alongside its metabolites is renally excreted, with just under 10% excreted unchanged in urine [14]. The elimination half-life of lidocaine generally ranges from 90 to 120 min in healthy patients, and it can be prolonged in patients with coexisting illness such as hepatic or renal impairment or congestive cardiac failure. Additionally, its excretion is influenced by urinary pH [15,16].



A study by De Martin et al. [17] showed that lidocaine clearance is affected linearly with renal impairment, with a double elimination half-life when compared to patients with normal renal function. Likewise, in older patients, the elimination half-life is significantly longer compared to their younger counterparts; thus, elderly patients should be given a lower continuous infusion rate [18]. Lidocaine is also protein bound; hence, hypoalbuminaemia may predispose to the risk of toxicity due to the increased amount of free drugs available. Hepatic blood flow is another limiting factor in its metabolism, despite lidocaine being predominantly renally excreted [19].




3. Intravenous Use


According to the Vaughan Williams classification, lidocaine is a class Ib anti-arrhythmic drug [19]. Drugs in this class block sodium channels during phase 0 of the action potential. It is used intravenously as an anti-arrhythmic agent for cardiopulmonary resuscitation if amiodarone is unavailable or contraindicated [4]. Lidocaine has a distribution half-life of five to eight minutes, beginning at the vascular compartments, then into the peripheral tissues [5]. It first passes into well-perfused areas such as the heart and lung, followed by less-perfused areas such as muscle and adipose tissue [5]. The brain and heart have been found to have the highest blood concentrations of lidocaine compared to other organs, which likely explains the CNS and CVS toxicity associated with local anaesthetics such as lidocaine [20,21].



The efficacy of lidocaine as an anti-arrhythmic drug depends on its plasma concentration. An initial bolus of lidocaine can transiently suppress arrhythmia. However, to sustain this effect, a continuous infusion is required in order to achieve the therapeutic plasma concentration. Unfortunately, the longer the duration of infusion, the higher the likelihood of toxicity, as enzymes become saturated and clearance rates are decreased. This is seen in particular after 24 h, as confirmed by clinical trials [22]. Research suggests avoiding infusions of longer than 24 h duration and to give infusions based on the patient’s body weight.



As mentioned previously, lidocaine’s main mechanism of action is through the blockage of voltage gated sodium channels. By reducing the permeability of cell membranes to sodium, this in turn decreases membrane depolarisation, blocking the propagation of the action potential, and hence decreases the neural conduction of pain stimuli. At therapeutic concentrations during intravenous infusion, lidocaine blocks muscarinic M1 and M3 receptors, as well as NMDA receptors. At higher concentrations, lidocaine exerts its effects on a number of other receptors such as 5-hydroxytryptamine-3 (5HT-3), nicotinic cholinergic receptors, voltage-gated calcium channels (VGCC) and many others [23].




4. Clinical Properties of Lidocaine


This section describes various clinical domains which define the spectrum in which lidocaine is being considered as therapeutically beneficial.



4.1. Analgesic, Anti-Hyperalgesic and Anti-Nociceptive


Firstly, lidocaine exhibits analgesic, anti-hyperalgesic and anti-nociceptive properties. Eipe et al. [13] stated that lidocaine reduces the sensitivity and activity of spinal cord neurones, and also decreases NMDA receptor mediated postsynaptic depolarisation.



There is no definitive single molecular mechanism of intravenous lidocaine as an analgesic; its perioperative analgesic effects are likely multi-factorial. It involves the inhibition of sodium, potassium and calcium channels, Gαq-coupled protein receptors and NMDA receptors, to name a few. The 5HT3 receptor may also be involved, as systemic ondansetron has shown to antagonise the sensory block produced by intrathecal lidocaine [24].



Kawamata et al. demonstrated that the injection of lidocaine prior to surgical incision reduces primary hyperalgesia more effectively when compared to injection after the incision [25]. Primary hyperalgesia is limited to the site of incision, with hyperalgesia to mechanical and thermal stimuli; secondary hyperalgesia, on the contrary, is noticed in intact skin surrounding the incision site, with hyperalgesia due to mechanical stimuli. Holthusen et al. [26] found that lidocaine did not affect primary hyperalgesia. However, in another study, researchers found that intravenous lidocaine can temporarily suppress primary hyperalgesia by stabilising peripheral nerves. Nevertheless, the effects of both primary and secondary hyperalgesia are thought to be due to peripheral and central sensitisation [27].



Remifentanil is a common opioid analgesic used intraoperatively to treat nociceptive pain. However, at high doses, it is associated with postoperative opioid-induced hyperalgesia [28]. A study by Cui et al. demonstrated in rats that the use of systemic lidocaine can reduce remifentanil-induced hyperalgesia through inhibiting conventional protein kinase C gamma (cPKCγ) membrane translocation [29]. Thus, intravenous lidocaine may be a good option to counteract this ‘opioid-induced’ hyperalgesia through its proposed anti-hyperalgesic effects.



Numerous ion channels may be implicated in lidocaine’s analgesic properties. Voltage gated sodium channels (VGSCs) play an important role in nociceptive signalling and sensory transmission. Research has discovered nine different isotopes of VGSCs, of which six are expressed in the dorsal root ganglion, which is involved in neuropathic and inflammatory pain pathways [30]. Potassium channels come in multiple types, of which voltage gated (Kv) subunits and tandem pore domain (K2P) channels are involved in pain modulation [9]. Further, lidocaine increases intracellular calcium concentration. Modulation of calcium is involved in mechanisms underlying neuropathic pain [31,32]. Low voltage-activated T type calcium channels, specifically the CaV3.2 subtype, are involved in both somatic and visceral pain [33].




4.2. Anti-Arrhythmic


Lidocaine, administered intravenously, is mainly used as an anti-arrhythmic agent. Lidocaine 100 mg IV is included as part of the latest European Resuscitation Council Adult Advanced Life Support guidelines as an alternative to amiodarone for patients in ventricular fibrillation or pulseless ventricular tachycardia; an additional 50 mg bolus may also be given after five defibrillation attempts [34]. It decreases the slope of phase 4 in the action potential and changes the excitability threshold, resulting in a decrease in action potential length and duration of refractory period of Purkinje fibres [19]. Despite this, the caveat to consider is that lidocaine itself can predispose patients to arrhythmias, especially at high doses or concentrations. On the contrary, a recent case report in 2020 suggested that intravenous lidocaine dampened QT prolongation when given with azithromycin and chloroquine/hydroxychloroquine [35].




4.3. Anti-Inflammatory


Lidocaine is known to have anti-inflammatory effects; although, the exact mechanism remains unclear. Lidocaine can inhibit leucocyte activation, adhesion and migration [36]. It also protects cells from inflammation through the reduction of neutrophil adhesion and inhibition of the release of superoxide anions [36,37]. It has also been documented to block the release of inflammatory mediator interleukin-1B in in vitro studies [38]. Lidocaine’s direct effects on macrophage and polymorphonuclear granulocyte functions may also contribute to its anti-inflammatory effects in addition to the inhibition of release of interleukins involved in the inflammatory cascade. Further, it also inhibits prostaglandin biosynthesis and release, which is another possible explanation for its powerful anti-nociceptive and anti-inflammatory actions [19].



In vivo studies have also shown lidocaine at high concentrations to inhibit histamine release from human leucocytes, mast cells and basophils [39]. Studies on murine models showed that the level of pro-inflammatory markers remained low in the group treated with intravenous lidocaine [40]. Unfortunately, human studies demonstrating the anti-inflammatory properties of lidocaine are limited. A number of studies investigating abdominal and colorectal surgeries such as laparoscopic cholecystectomy, have shown that lidocaine’s use in the perioperative setting has reduced the surgery-induced release of pro-inflammatory cytokines, for example, IL-6 and IL-8 [41,42,43].



A recent study in 2022 [44] investigated the effect of local anaesthetics on tumour necrosis factor-alpha (TNF-α) secretion. TNF-α normally plays an important role in inflammation and carcinogenesis. The study found that with the use of lidocaine, 61.5% of individuals demonstrated an ≥85% reduction of TNF-α-production of lipopolysaccharide-activated human leucocytes. Hence, lidocaine may possibly be an option for treating chronic inflammation or conditions with overactive immune responses, for example, acute respiratory distress syndrome (ARDS), though further studies are needed to explore this further.





5. Evidence on Postoperative Outcome


In terms of improving postoperative recovery outcomes, a number of studies have investigated the effect of intravenous lidocaine on different surgeries. Relatively speaking, abdominal surgery has been studied most in comparison to other surgeries, and will be discussed briefly below.



5.1. Colorectal Surgery


Around 40% of patients experience a delay in resumption of normal bowel function after colorectal surgery. This delay leads to symptoms of nausea, vomiting, constipation and abdominal distension, which then require unpleasant supportive interventions such as intravenous fluids and nasogastric tube insertion. There is no remedy to address this delay. ALLEGRO, “A placebo-controlled rAndomised trial of intravenous Lidocaine in acceLErating Gastrointestinal Recovery after cOlorectal surgery,” is the latest ongoing multi-centre research study across the United Kingdom, investigating the use of intravenous lidocaine to improve recovery after colorectal surgery [45]. Evidence corroborated from various meta-analyses in the past have shown that perioperative lidocaine infusion at doses of 1.5 to 3 mg/kg/h consistently improved postoperative Visual Analogue Scale (VAS) pain scores in patients undergoing either open or laparoscopic abdominal surgery [46,47,48]. However, it is important to note that the recommended dose of continuous lidocaine infusion should be no more than 1.5 mg/kg/h [23]. Intraoperative and postoperative opioid requirements were also decreased with the use of lidocaine as an inpatient [48]. Further, perioperative intravenous lidocaine may benefit bariatric patients more as they are more sensitive to respiratory depression caused by opioids [49]. In addition to reducing pain, another benefit is a reduction in the duration of postoperative ileus by an average of eight hours [47,50]. Further, decreased postoperative nausea and vomiting of up to 20% were reported, likely because opioid consumption was decreased [47,51]. Intravenous lidocaine also reduced the length of hospital stay by an average of eight hours and up to 24 h at most [46,47,51]. Lidocaine’s use has been reported to have slightly lower pain scores [52] at one to four hours after surgery, alongside a reduction in postoperative ileus duration and time to return of gastrointestinal function-time to first flatus and first bowel movement. From the limited evidence above, it may be easy to presume perioperative lidocaine is a useful analgesic adjunct to general anaesthesia in colorectal surgery. However, when lidocaine is compared to another intervention such as epidural analgesia, one study reported that intravenous lidocaine was inferior to epidural analgesia in major abdominal surgery with regards to total opioid consumption; although, it did improve other aspects of recovery [53]. This demonstrates limitations in the evidence, with the main one being publication bias, where positive results in favour of lidocaine are more likely to be published. Further, in many papers, namely the Cochrane Systematic Review [52], the trials reviewed mainly used placebo as the control, which naturally makes a clinical effect more likely to be detected, as opposed to studies which compare lidocaine to an alternate therapy, such as one compared to epidural analgesia. Whilst the review gathers numerous trials, the evidence remains of low quality due to the heterogeneity of the results. In addition, the mechanism of action of lidocaine is extremely complex and there is no single established molecular mechanism. A long list of receptors may be implicated, and these individual receptors themselves have different levels of sensitivity which are further influenced by many factors such as inflammation, trauma and concomitant medications. Thus, all the evidence needs to be considered with the utmost care.




5.2. Other Surgical Specialties


Perioperative lidocaine was also shown to improve pain and reduce opioid consumption for patients undergoing radical retropubic prostatectomy [54]. However, there was little benefit for patients undergoing laparoscopic renal surgery [55]. Likewise, with cardiothoracic surgery, lidocaine has little benefit in patients undergoing cardiac surgery [56] but may have value for patients undergoing thoracic surgery. One systematic review [57] investigated lidocaine’s effects on postoperative pain and recovery after cardiac surgery. Insler et al. [56] carried out a randomised double-blinded trial of continuous low-dose lidocaine intravenous infusions in coronary artery bypass graft (CABG) patients. Patients in the trial were given an 8 mg/mL lidocaine infusion after induction with fentanyl and a mixture of fentanyl and midazolam for maintenance. The study concluded that the lidocaine infusion did not decrease the length of ICU and hospital stay or time to extubation, and also did not significantly decrease the use of other opioid analgesics [56]. On the other hand, the lidocaine infusion reduced pain scores up to six hours after thoracic surgery [58].



Evidence for obstetric and gynaecologic surgery is limited and outcomes are mixed [59]. Further, a randomised double-blind placebo-controlled study of perioperative lidocaine infusion for patients undergoing bariatric surgery found no difference clinically in terms of postoperative outcomes including pain, nausea and vomiting, length of stay and oxycodone consumption [60]. On a different note, for breast surgery, lidocaine’s short-term benefit is limited; however, it may prove to be more useful long term as it has been reported to reduce the incidence of chronic postsurgical pain at three and six months after mastectomy [61].





6. Immuno-Modulatory and Anti-Cancer Properties


Recent research has explored the possibility of perioperative lidocaine in improving cancer outcomes, in particular its role in reducing the recurrence of metastatic cancer [62]. Cancer is a major public health and economic burden worldwide. Many patients undergo surgery as part of their cancer diagnosis or treatment. An unavoidable consequence of surgery is that cancer cells are dislodged, which provokes a physiological stress response comprised of inflammation and angiogenesis. The surgical stress response is essential to promote wound healing. Sadly, cancer is ‘a wound that does not heal’ [63]. Growing evidence suggests that the surgical stress response may paradoxically facilitate the survival and replication of residual cancer cells postoperatively, potentially dislodging cancer cells; the formation of circulating tumour cells later metastasise to distant organs [64]. Laboratory research has demonstrated that common anaesthetic drugs, for example, lidocaine, may have anti-neoplastic effects. Reports dating as far back as 1982 [65] first suggested procaine and lidocaine combined with doxorubicin enhanced doxorubicin cytotoxicity against a human melanoma cell line derived from malignant ascites. Since then, much more laboratory evidence has come to light, suggesting lidocaine may exert its potential anti-neoplastic effects via multiple pathways, in addition to other anti-inflammatory effects.



A lot of research has gone into studying the effects of lidocaine on breast cancer. D’Agostino et al. [66] showed that clinical concentrations of lidocaine inhibit CXCL12-induced CXCR4 signalling, which inhibits calcium release and actin polymerisation. This in turn impairs cytoskeleton remodelling, and hence reduces the migration of breast cancer cells. Another study suggested that lidocaine only affected cell viability or migration at high or toxic concentrations via the arrest of cancer cells in the S phase [67].



Li et al. suggested that lidocaine can act as a chemosensitiser for cancer treatment [68]. Lidocaine enhanced apoptosis and sensitised cisplatin to a highly aggressive triple negative breast cancer. Further, treatment with lidocaine caused the suppression of Ras Association Domain Family 1A (RASSF1A) and Retinoic acid receptor β (RARβ2) gene methylation, which is the mechanism by which lidocaine sensitises cisplatin to breast cancer cells [68]. Another chemotherapeutic agent sensitised by lidocaine is 5-fluorouracil (5-FU). Its combination with 5-FU sensitised melanoma cells to 5-FU via upregulation of “miR-493 and the down-regulation of Sox4- mediated PI3K/AKT and Smad pathways” [69]. Another paper reported that lidocaine acts as a chemo-sensitiser to 5-FU through decreasing viability, increasing apoptosis and downregulating expression of ATP-binding cassette (ABC) transport proteins [70].



A study in 2019 indicated lidocaine’s role in suppressing the metastasis of breast cancer via the suppression of pro-inflammation factors [71]. The study compared the effect of perioperative lidocaine, propofol and steroids in breast cancer surgery. Results of the study showed that both lidocaine and propofol could reduce pulmonary metastasis from breast cancer, whereas steroids actually increased metastasis. Another study found that intravenous perioperative lidocaine for breast cancer surgery decreased the postoperative expression of neutrophil extracellular trapping (NETosis), which is a mechanism linked to increased metastatic risk. This may support the hypothesis that the use of intravenous lidocaine for cancer surgery may reduce recurrence [72].



Other mechanisms of metastasis inhibition may be attributed to lidocaine’s anti-inflammatory and anti-angiogenic effects, according to a study in 4T1 breast cancer cell line in vitro and in vivo [73]. Taking all the evidence into account, all these studies point to lidocaine’s potential role as an “anti-cancer drug”, so to speak. Fraser et al. also demonstrated that lidocaine was shown to inhibit VGSC in breast cancer cells [74]. VGSCs are expressed in active breast, colon and prostate cancers [74]. By inhibiting VGSCs, this reduces cellular activity, hence leading to reduced cell division.



In lung cancer, in vitro studies demonstrated that lidocaine reduces ICAM-1 and Src phosphorylation after the stimulation of tumour necrosis factor (TNF) [75]. By reducing ICAM-1 activity, this may inhibit tumour cell adhesion to vascular endothelium, hence preventing migration. It also suppressed matrix metalloproteinase 9 (MMP-9) secretion significantly; another pointer to its potential role in inhibition of cancer cell invasion and metastasis [75]. In addition to its anti-tumour effects, postoperative atrial fibrillation is a common finding post-lung cancer surgery, and lidocaine has shown activity in suppressing this [76].



In human hepatocellular carcinoma cells, lidocaine arrested the growth of HepG2 cells and also induced apoptosis, possibly through an increase in Bax protein and activated caspase-3 and decreasing Bcl-2 protein via extracellular signal-regulated kinase ½ and p38 pathways; it also enhanced the sensitivity of cisplatin [77]. On the other hand, another study showed that lidocaine at concentrations of 1.25 to 5 mg/mL inhibited proliferation of bladder cancer cells in a concentration-dependent manner. When lidocaine was combined with other chemotherapy agents such as mitomycin C, it also enhanced actions of these antiproliferative agents [78]. Both of the aforementioned studies included both in vitro and in vivo animal studies.



To summarise, numerous mechanisms have been proposed in the research of how local anaesthetics such as lidocaine are thought to reduce cancer recurrence [79]. Such mechanisms include but are not limited to (Figure 2):



The effects of local anaesthetics on tumour progression can be further classified into indirect and direct effects, as shown below in Figure 3.



Figure 4 below is a compilation of the vast array of mechanisms by which lidocaine exerts its effects on cancer cells.



Despite the many studies, limitations are present which preclude definitive conclusions to be drawn regarding the effect of lidocaine in reducing cancer metastasis and recurrence. The plethora of evidence and studies demonstrate a multitude of potential mechanisms by which lidocaine may act as an immune-modulating drug. However, each cancer has different cell types which are unique in their function; thus, no clear consensus can be made regarding the exact mechanism by which lidocaine may demonstrate a therapeutic effect. Further research is needed in order to fully translate laboratory findings into clinical implications.




7. Clinical Recommendations and Safety


With regards to lidocaine being used intravenously in the perioperative setting, there are multiple reasons it may be used. One such reason is its use in reducing pain from the propofol injection. Propofol-induced injection pain is a common occurrence during the induction of anaesthesia with propofol. Whilst the underlying mechanism for this pain is unclear, it is likely due to a combination of nociceptor stimuli and release of pain mediators such as bradykinin. Studies have shown that lidocaine given prior to propofol injection, either mixed with propofol or given separately, with or without venous occlusion, reduced post-injection pain. Its exact mechanism in reducing pain remains unclear [80].



An international consensus statement was published in 2021 regarding the use of intravenous lidocaine [23]. Current recommendations, broadly speaking, err on the side of caution, as intravenous lidocaine remains unlicensed for analgesia. Like most medical decisions, explicit informed consent from patients should be obtained where possible before its use, so as to minimise any potential for legal disputes should they arise in the future. Doctors need to take into account any absolute or relative contraindications, such as renal or hepatic impairment, cardiac disease or conduction block, seizure disorders, electrolyte imbalances, pregnancy, breast feeding or neurological disorders [81,82]. The British National Formulary (BNF) also lists the following contraindications for intravenous use: atrioventricular blocks, severe myocardial depression and sino-atrial disorders. Other cautions to be aware of include acute porphyria, congestive cardiac failure and postcardiac surgery [4].



The exact dose of intravenous lidocaine to be used is debatable. The calculation of the maximum recommended dose is based on the patient’s ideal body weight; although, this is just a guide [83]. One study demonstrated that dosing based on actual body weight resulted in 20% higher than predicted plasma concentrations, thus resulting in an increased potential for toxicity [84]. Systemic lidocaine should be avoided altogether in patients weighing under 40 kg and the maximum dose for any patient should not exceed 120 mg/h. The initial loading dose should be a maximum of 1.5 mg/kg initially over 10 min, followed by a continuous infusion of 1.5 mg/kg/h, with continuous reassessment with ECG and blood pressure monitoring and pulse oximetry [23], according to the consensus statement. Conversely, others have suggested that when IV lidocaine is started in theatre or critical care areas, therapeutic levels of 2.5–3.5 µg/mL may be maintained on regular wards with no need for continuous ECG monitoring [13]. The consensus statement [23] adopts a safer approach, which recommends patients receiving IV lidocaine to be managed in a monitored bedspace such as a high dependency unit (level 2 care). Another guideline from Imperial College Healthcare NHS Trust states that “ECG monitoring should be continuous while any patient remains on an IV lidocaine infusion [85].” Postoperatively, the minimum frequency of observations such as sedation score, BP, HR, RR and SpO2 should be carried out every 15 min in the first hour, then every half hourly for two hours, and hourly thereafter.



Lidocaine should not be infused for over 24 h due to the risk of toxicity. Most patients will have recovered sufficiently after 24 h as systemic lidocaine is not the only analgesic being used. As a safety measure, lipid emulsion 20% should be readily available for emergencies. In patients with an increased risk for toxicity, plasma lidocaine levels may be monitored as an extra safety precaution [23].



The most commonly reported clinically effective dose of lidocaine infusion ranges from 1 to 2 mg/kg/h. This is in keeping with the consensus statement mentioned previously. Continuous infusion requires four to eight hours to achieve steady state plasma concentration; therefore, eight hours should be allowed to achieve steady state before dose adjustments are made [85]. Generally, there is no accumulation of lidocaine in healthy individuals.



Lidocaine has a narrow therapeutic index, with a therapeutic plasma level of 2.5 to 3.5 μg/mL [13]. Central nervous system (CNS) toxicity occurs when plasma concentration exceeds 5 μg/mL and is definite at 10 μg/mL [13]. Patients who are awake typically have predictable symptoms. Early symptoms include perioral paraesthesia and metallic taste [14], followed by light-headedness and tinnitus. This progresses to muscle twitching, a reduced level of consciousness and seizures. Toxicity, if left untreated, may lead to respiratory depression and apnoea, or even cardiovascular collapse and coma [13]. The higher the lipid solubility of a drug, the higher the risk of cardiotoxicity. Signs of cardiac toxicity include but are not limited to arrhythmias, hypertension, hypotension, bradycardia and conduction block.



Lidocaine toxicity more commonly manifests as neurological symptoms rather than cardiovascular signs. In general, the cardiovascular system appears to be more resistant to local anaesthetic effects compared to the CNS. However, cardiovascular toxicity remains a significant adverse effect of local anaesthetic systemic toxicity. Signs of cardiac toxicity occur when serum levels exceed 10 μg/mL [13]. All signs and symptoms of toxicity are potentiated by acidosis, hypercapnia and hypoxia. Acidosis increases the risk of toxicity because lidocaine dissociates from plasma proteins; hence, hypoalbuminaemia may also predispose to toxicity [19].



The exact doses or concentrations at which toxicity manifests are difficult to predict in patients; thus, careful continuous monitoring is required. Intravenous lidocaine is also contraindicated if other local anaesthetic interventions are used concurrently, for example, in various neuraxial blocks. The exact timing of when it can be used remains unclear. Foo et al. [23] recommended lidocaine not to be used specifically within four hours of interventions. However, some authors believe this four-hour rule to be problematic [86]. It is easy to assume a straightforward additive effect when multiple local anaesthetics are combined. However, it is likely more complex, because each patient has a slightly different physiology, and different anatomical structures may have different anaesthetic requirements, alongside different pharmacokinetic variables. As clinicians, there is the tendency to assume multiple interventions automatically translate to additional benefits; however, this may in fact increase the risk of harm to patients. Therefore, multiple interventions of local anaesthetics (MILANA) should be avoided in susceptible populations [86]. Some strategies to minimise local anaesthetic systemic toxicity (LAST) are shown in Figure 5:



Despite the lack of guidelines, intravenous lidocaine is widely used. A survey in 2020 of Australian and New Zealand anaesthetists found that more than 50% of respondents used lidocaine intravenously [87]. In addition, a survey of 16 Scottish hospitals [88] found that 12 hospitals (75%) either use or plan to use intravenous lidocaine for the management of acute pain. These hospitals have some sort of established or provisional guideline. One hospital stated that intravenous lidocaine is briefly mentioned in the Enhanced Recovery After Surgery (ERAS) patient information leaflet, but there is no further information. In total, 50% of hospitals only allowed consultants to prescribe lidocaine infusions; a small number allowed specialty trainees or acute pain nurses to prescribe; and one hospital allowed any member of the medical staff to prescribe the infusions. Across the Scottish hospitals surveyed, there was considerable variability in the maximum duration of intravenous lidocaine infusion, ranging from 4 h to 72 h. Regarding the concurrent use of local anaesthetic infusion, 1 hospital used the four-hour waiting rule, whereas 5 out of 12 hospitals had no specific rule. In the United States of America, for example, the University of Virginia [89], IV lidocaine is routinely used for analgesia for acute pain management and also intraoperatively for various types of surgery; the decision for postoperative use is made on a case-by case-basis. They also do not require additional monitoring other than the standard protocol. The huge variability in protocols and guidelines across different countries emphasises the need for national guidelines to ensure safety if intravenous lidocaine becomes a part of everyday practise.




8. Medico-Legal Implications and Licensing


In response to the consensus statement published by Foo et al. [23], an editorial [90] was published which highlighted the dangers of using intravenous lidocaine and the limited evidence regarding its clinical efficacy. In the United Kingdom, the Safe Anaesthesia Liaison Group (SALG), and its parent organisation the Royal College of Anaesthetists and its Faculty of Pain Medicine, do not endorse the recommendations in the consensus statement [90]. The literature is sparse with regards to toxicity from intravenous lidocaine, whereas reports of toxicity from local or topical injection is much more readily available in comparison. Supporters of the use of intravenous lidocaine argue that paradoxically intravenous use is safer, as practitioners are more alert to potential side effects. However, issues of using intravenous lidocaine as an unlicensed medicine remain. For example, if a continuous intravenous lidocaine infusion is used, there is concern that practitioners who did not commence the drug may be held responsible if any untoward event occurred. In addition, as there is no specific infusion pump designed for intravenous lidocaine, using existing medical devices to administer lidocaine would be considered “off-label”, and hence the Hospital Trust would assume full legal liability for any malfunction or misuse [90].



From the clinical evidence, the Cochrane Review of 68 trials with 4525 patients [52] ruled out any beneficial effect of lidocaine infusion at 24 h and 48 h post-surgery, despite a bias in favour of the “drug of interest”, that is, lidocaine. Only at 1 to 4 h post-operatively might there be some benefit, but this is still uncertain. Similarly, Weibel et al. [91] also recognised that the evidence for intravenous lidocaine in improving abdominal surgery outcomes is limited, and the best dose to be used remains uncertain. The clinical evidence, legal implications alongside the fine therapeutic-toxic index of lidocaine, causes one to seriously consider whether the use of this drug is appropriate. The Medical Devices, Medicines and Healthcare Products Regulatory Agency (MHRA) does not support the use of intravenous lidocaine for analgesia; manufacturers do not approve of its off-label use [90].




9. Summary and Conclusions


Having gathered a multitude of evidence on this contentious topic, the verdict remains unclear. Studies have shown that the use of intravenous lidocaine in the perioperative setting may be beneficial depending on the surgical procedure. Current limited evidence demonstrates a very small benefit for patients undergoing abdominal surgeries. “Primum non nocere” remains the central tenet of medicine. Prior to any medical decisions, it is essential for the risks and benefits to be weighed by the physician. Ultimately, it is at the individual physician’s discretion whether or not to use intravenous lidocaine. The physician must take responsibility for any possible harm which may befall a patient. To mitigate potential harm to the patient, screening for comorbidities, careful monitoring, correct dosing and having emergency drugs available: these are all crucial steps to be undertaken if intravenous lidocaine is used.



In conclusion, intravenous lidocaine has the potential to play a pivotal role as a non-opioid analgesic adjunct in perioperative medicine. As the concept of multi-modal analgesia continues to evolve in the future, lidocaine is a cost-effective and readily available option to minimise the excessive use of opioids in the management of postoperative pain. However, at present, it is important to recognise that lidocaine itself is not a panacea. Current evidence for both its clinical efficacy and safety profile still remains weak. Given the risks, it is unclear if there is a clinically significant benefit for its use. Most important of all, our decisions should be patient-specific and procedure-specific. In addition to lidocaine’s analgesic role, there is limited evidence for using lidocaine as an “anti-cancer” drug, but there is room to explore this further in the future. At present, it is unlikely lidocaine will be used as a stand-alone “anti-cancer” drug, but it may serve as “chemotherapy synergists,” so to speak. More studies are needed to substantiate the use of intravenous lidocaine in clinical settings, especially with regards to its anti-inflammatory and potential immune modulating properties.







Author Contributions


Conceptualization, S.S. and I.W.-S.L.; writing—review and editing, I.W.-S.L. and S.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Löfgren, N. Studies on Local Anaesthetics: Xylocaine, a New Synthetic Drug. Ph.D. Thesis, Stockholm University, Stockholm, Sweden, 1948. [Google Scholar]

	



World Health Organisation. Lidocaine. WHO Model Lists of Essential Medicine. Available online: https://list.essentialmeds.org/medicines/8 (accessed on 18 October 2021).

	



World Health Organisation. WHO Model List of Essential Medicines. Available online: https://www.who.int/publications/i/item/WHO-MHP-HPS-EML-2021.02 (accessed on 26 October 2021).

	



National Institute for Health and Care Excellence. British National Formulary: Lidocaine. Available online: https://bnf.nice.org.uk/drug/lidocaine-hydrochloride.html (accessed on 18 October 2021).

	



Beaussier, M.; Delbos, A.; Maurice-Szamburski, A.; Ecoffey, C.; Mercadal, L. Perioperative Use of Intravenous Lidocaine. Drugs 2018, 78, 1229–1246. [Google Scholar] [CrossRef] [PubMed]

	



Gilbert, C.R.; Hanson, I.R.; Brown, A.B.; Hingson, R.A. Intravenous use of xylocaine. Curr. Res. Anesth. Analg. 1951, 30, 301e13. [Google Scholar] [CrossRef]

	



De Clive-Lowe, S.G.; Desmond, J.; North, J. Intravenous lignocaine anaesthesia. Anaesthesia 1958, 13, 138e46. [Google Scholar] [CrossRef]

	



Bartlett, E.E.; Hutserani, O. Xylocaine for the relief of postoperative pain. Anesthesia Analg. 1961, 40, 296–304. [Google Scholar] [CrossRef]

	



Hermanns, H.; Hollmann, M.W.; Stevens, M.F.; Lirk, P.; Brandenburger, T.; Piegeler, T.; Werdehausen, R. Molecular mechanisms of action of systemic lidocaine in acute and chronic pain: A narrative review. Br. J. Anaesth. 2019, 123, 335–349. [Google Scholar] [CrossRef]

	



Bargetzi, M.J.; Aoyama, T.; Gonzalez, F.J.; A Meyer, U. Lidocaine metabolism in human liver microsomes by cytochrome P450IIIA4. Clin. Pharmacol. Ther. 1989, 46, 521–527. [Google Scholar] [CrossRef]

	



Oellerich, M.; Burdelski, M.; Ringe, B.; Lamesch, P.; Gubernatis, G.; Bunzendahl, H.; Pichlmayr, R.; Herrmann, H. Lignocaine metabo- lite formation as a measure of pre-transplant liver function. Lancet 1989, 1, 640–642. [Google Scholar] [CrossRef]

	



Thomson, A.H.; Elliott, H.L.; Kelman, A.W.; Meredith, P.A.; Whiting, B. The pharmacokinetics and pharmacodynamics of lignocaine and MEGX in healthy subjects. J. Pharmacokinet. Biopharm. 1987, 15, 101–115. [Google Scholar] [CrossRef]

	



Eipe, N.; Gupta, S.; Penning, J. Intravenous lidocaine for acute pain: An evidence-based clinical update. BJA Educ. 2016, 16, 292–298. [Google Scholar] [CrossRef]

	



Estebe, J.P. Intravenous lidocaine. Best Pract. Res. Clin. Anaesthesiol. 2017, 31, 513–521. [Google Scholar] [CrossRef]

	



Rowland, M.; Thomson, P.D.; Guichard, A.; Melmon, K.L. Disposition Kinetics of Lidocaine in Normal Subjects. Ann. N. Y. Acad. Sci. 1971, 179, 383–398. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, P.N.; Aarons, L.J.; Bending, M.R.; Steiner, J.A.; Rowland, M. Pharmacokinetics of lidocaine and its deethylated metabolite: Dose and time dependency studies in man. J. Pharmacokinet. Biopharm. 1982, 10, 265–281. [Google Scholar] [CrossRef] [PubMed]

	



De Martin, S.; Orlando, R.; Bertoli, M.; Pegoraro, P.; Palatini, P. Differential effect of chronic renal failure on the pharmacokinetics of lidocaine in patients receiving and not receiving hemodialysis. Clin. Pharmacol. Ther. 2006, 80, 597–606. [Google Scholar] [CrossRef] [PubMed]

	



Abernethy, D.R.; Greenblatt, D.J. Impairment of Lidocaine Clearance in Elderly Male Subjects. J. Cardiovasc. Pharmacol. 1983, 5, 1093–1096. [Google Scholar] [CrossRef]

	



Weinberg, L.; Peake, B.; Tan, C.; Nikfarjam, M. Pharmacokinetics and pharmacodynamics of lignocaine: A review. World J. Anesthesiol. 2015, 4, 17–29. [Google Scholar] [CrossRef]

	



Nation, R.; Triggs, E.; Selig, M. Lignocaine kinetics in cardiac patients and aged subjects. Br. J. Clin. Pharmacol. 1977, 4, 439–448. [Google Scholar] [CrossRef]

	



Oertel, R.; Arenz, N.; Zeitz, S.G.; Pietsch, J. Investigations into distribution of lidocaine in human autopsy material. Biomed. Chromatogr. 2015, 29, 1290–1296. [Google Scholar] [CrossRef]

	



Hsu, Y.-W.; Somma, J.; Newman, M.F.; Mathew, J.P. Population Pharmacokinetics of Lidocaine Administered During and After Cardiac Surgery. J. Cardiothorac. Vasc. Anesth. 2011, 25, 931–936. [Google Scholar] [CrossRef]

	



Foo, I.; Macfarlane, A.J.R.; Srivastava, D.; Bhaskar, A.; Barker, H.; Knaggs, R.; Eipe, N.; Smith, A.F. The use of intravenous lidocaine for postoperative pain and recovery: International consensus statement on efficacy and safety. Anaesthesia 2021, 76, 238–250. [Google Scholar] [CrossRef]

	



Fassoulaki, A.; Melemeni, A.; Zotou, M.; Sarantopoulos, C. Systemic Ondansetron Antagonizes the Sensory Block Produced by Intrathecal Lidocaine. Anesth. Analg. 2005, 100, 1817–1821. [Google Scholar] [CrossRef]

	



Kawamata, M.; Watanabe, H.; Nishikawa, K.; Takahashi, T.; Kozuka, Y.; Kawamata, T.; Omote, K.; Namiki, A. Different Mechanisms of Development and Maintenance of Experimental Incision-induced Hyperalgesia in Human Skin. Anesthesiology 2002, 97, 550–559. [Google Scholar] [CrossRef] [PubMed]

	



Holthusen, H.; Irsfeld, S.; Lipfert, P. Effect of pre- or post-traumatically applied i.v. lidocaine on primary and secondary hyperalgesia after experimental heat trauma in humans. Pain 2000, 88, 295–302. [Google Scholar] [CrossRef]

	



Kawamata, M.; Takahashi, T.; Kozuka, Y.; Nawa, Y.; Nishikawa, K.; Narimatsu, E.; Watanabe, H.; Namiki, A. Experimental incision-induced pain in human skin: Effects of systemic lidocaine on flare formation and hyperalgesia. Pain 2002, 100, 77–89. [Google Scholar] [CrossRef]

	



Fletcher, D.; Martinez, V. Opioid-induced hyperalgesia in patients after surgery: A systematic review and a meta-analysis. Br. J. Anaesth. 2014, 112, 991–1004. [Google Scholar] [CrossRef] [PubMed]

	



Cui, W.; Li, Y.; Li, S.; Yang, W.; Jiang, J.; Han, S.; Li, J. Systemic Lidocaine Inhibits Remifentanil-induced Hyperalgesia via the Inhibition of cPKCgamma Membrane Translocation in Spinal Dorsal Horn of Rats. J. Neurosurg. Anesthesiol. 2009, 21, 318–325. [Google Scholar] [CrossRef]

	



Tibbs, G.R.; Posson, D.J.; Goldstein, P.A. Voltage-gated ion channels in the PNS: Novel therapies for neuropathic pain? Trends Pharmacol. Sci. 2016, 37, 522e42. [Google Scholar] [CrossRef]

	



Du, C.; Yu, M.; Volkow, N.D.; Koretsky, A.P.; Fowler, J.S.; Benveniste, H. Cocaine Increases the Intracellular Calcium Concentration in Brain Independently of Its Cerebrovascular Effects. J. Neurosci. 2006, 26, 11522–11531. [Google Scholar] [CrossRef]

	



Fuchs, A.; Rigaud, M.; Hogan, Q.H. Painful nerve injury shortens the intracellular Ca 2þ signal in axotomized sensory neurons of rats. Anesthesiology 2007, 107, 106e16. [Google Scholar] [CrossRef]

	



Francois, A.; Kerckhove, N.; Meleine, M.; Alloui, A.; Barrere, C.; Gelot, A.; Uebele, V.N.; Renger, J.J.; Eschalier, A.; Ardid, D.; et al. State-dependent properties of a new T-type calcium channel blocker enhance CaV3.2 selectivity and support analgesic effects. Pain 2013, 154, 283–293. [Google Scholar] [CrossRef]

	



Soar, J.; Böttiger, B.W.; Carli, P.; Couper, K.; Deakin, C.D.; Djärv, T.; Lott, C.; Olasveengen, T.; Paal, P.; Pellis, T.; et al. European Resuscitation Council Guidelines 2021: Adult advanced life support. Resuscitation 2021, 161, 105–106. [Google Scholar] [CrossRef]

	



Mitra, R.L.; Greenstein, S.A.; Epstein, L.M. An algorithm for managing QT prolongation in coronavirus disease 2019 (COVID-19) patients treated with either chloroquine or hydroxychloroquine in conjunction with azithromycin: Possible benefits of intravenous lidocaine. Heart Rhythm Case Rep. 2020, 6, 244–248. [Google Scholar] [CrossRef] [PubMed]

	



Fischer, L.G.; Bremer, M.; Coleman, E.J.; Conrad, B.; Krumm, B.; Gross, A.; Hollmann, M.W.; Mandell, G.; Durieux, M.E. Local Anesthetics Attenuate Lysophosphatidic Acid-Induced Priming in Human Neutrophils. Anesth. Analg. 2001, 92, 1041–1047. [Google Scholar] [CrossRef] [PubMed]

	



Peck, S.L.; Johnston, R.B.; Horwitz, L. Reduced neutrophil superoxide anion release after prolonged infusions of lidocaine. J. Pharmacol. Exp. Ther. 1985, 235, 418–422. [Google Scholar] [PubMed]

	



Sinclair, R.; Eriksson, A.S.; Gretzer, C.; Cassuto, J.; Thomsen, P. Inhibitory effects of amide local anaesthetics on stimulus-induced human leukocyte metabolic activation, LTB4release and IL-1 secretionin vitro. Acta Anaesthesiol. Scand. 1993, 37, 159–165. [Google Scholar] [CrossRef] [PubMed]

	



Yanagi, H.; Sankawa, H.; Saito, H.; Iikura, Y. Effect of lidocaine on histamine release and Ca2+ mobilization from mast cells and basophils. Acta Anaesthesiol. Scand. 1996, 40, 1138–1144. [Google Scholar] [CrossRef] [PubMed]

	



Gallos, G.; Jones, D.R.; Nasr, S.H.; Emala, C.W.; Lee, H.T. Local Anesthetics Reduce Mortality and Protect against Renal and Hepatic Dysfunction in Murine Septic Peritonitis. Anesthesiology 2004, 101, 902–911. [Google Scholar] [CrossRef] [PubMed]

	



Herroeder, S.; Pecher, S.; Schönherr, M.E.; Kaulitz, G.; Hahnen- kamp, K.; Friess, H.; Böttiger, B.W.; Bauer, H.; Dijkgraaf, M.G.; Durieux, M.E.; et al. Systemic lidocaine shortens length of hospital stay after colorectal surgery: A double- blinded, randomized, placebo-controlled trial. Ann. Surg. 2007, 246, 192–200. [Google Scholar] [CrossRef] [PubMed]

	



Yardeni, I.Z.; Beilin, B.; Mayburd, E.; Levinson, Y.; Bessler, H. The Effect of Perioperative Intravenous Lidocaine on Postoperative Pain and Immune Function. Anesth. Analg. 2009, 109, 1464–1469. [Google Scholar] [CrossRef]

	



Yon, J.H.; Choi, G.J.; Kang, H.; Park, J.M.; Yang, H.S. Intraoperative systemic lidocaine for pre-emptive analgesics in subtotal gas- trectomy: A prospective, randomized, double-blind, placebo- controlled study. Can. J. Surg. 2014, 57, 175–182. [Google Scholar] [CrossRef]

	



Weinschenk, S.; Weiss, C.; Benrath, J.; von Baehr, V.; Strowitzki, T.; Feißt, M. Anti-Inflammatory Characteristics of Local Anesthetics: Inhibition of TNF-α Secretion of Lipopolysaccharide-Stimulated Leucocytes in Human Blood Samples. Int. J. Mol. Sci. 2022, 23, 3283. [Google Scholar] [CrossRef]

	



Centre for Healthcare Randomised Trials. ALLEGRO. Available online: https://w3.abdn.ac.uk/hsru/ALLEGRO/Public/Public/index.cshtml (accessed on 30 October 2021).

	



Sun, Y.; Li, T.; Wang, N.; Yun, Y.; Gan, T.J. Perioperative Systemic Lidocaine for Postoperative Analgesia and Recovery after Abdominal Surgery: A meta-analysis of randomized controlled trials. Dis. Colon Rectum 2012, 55, 1183–1194. [Google Scholar] [CrossRef] [PubMed]

	



Marret, E.; Rolin, M.; Beaussier, M.; Bonnet, F. Meta-analysis of intravenous lidocaine and postoperative recovery after abdominal surgery. Br. J. Surg. 2008, 95, 1331–1338. [Google Scholar] [CrossRef]

	



Kranke, P.; Jokinen, J.; Pace, N.L.; Schnabel, A.; Hollmann, M.W.; Hahnenkamp, K.; Eberhart, L.H.; Poepping, D.M.; Weibel, S. Continuous intravenous perioperative lidocaine infusion for postoperative pain and recovery. Cochrane Database Syst. Rev. 2015, 7, CD009642. [Google Scholar] [CrossRef] [PubMed]

	



De Oliveira, G.S., Jr.; Duncan, K.; Fitzgerald, P.; Nader, A.; Gould, R.W.; McCarthy, R.J. Systemic lidocaine to improve quality of recovery after laparoscopic bariatric surgery: A randomized double-blinded placebo-controlled trial. Obes. Surg. 2014, 24, 212–218. [Google Scholar] [CrossRef] [PubMed]

	



McCarthy, G.C.; Megalla, S.A.; Habib, A.S. Impact of intravenous lidocaine infusion on postoperative analgesia and recovery from surgery: A systematic review of randomized controlled trials. Drugs 2010, 70, 1149–1163. [Google Scholar] [CrossRef]

	



Vigneault, L.; Turgeon, A.F.; Côté, D.; Lauzier, F.; Zarychanski, R.; Moore, L.; McIntyre, L.A.; Nicole, P.C.; Fergusson, D. Perioperative intravenous lidocaine infusion for postoperative pain control: A meta-analysis of randomized controlled trials. Can. J. Anaesth. 2011, 58, 22–37. [Google Scholar] [CrossRef] [PubMed]

	



Weibel, S.; Jelting, Y.; Pace, N.L.; Helf, A.; Eberhart, L.H.; Hahnenkamp, K.; Hollmann, M.W.; Poepping, D.M.; Schnabel, A.; Kranke, P. Continuous intravenous perioperative lidocaine infusion for postoperative pain and recovery in adults. Cochrane Database Syst. Rev. 2018, 2018, CD009642. [Google Scholar] [CrossRef]

	



Terkawi, A.S.; Tsang, S.; Kazemi, A.; Morton, S.; Luo, R.; Sanders, D.T.; Regali, L.A.; Columbano, H.; Kurtzeborn, N.Y.; Durieux, M.E. A clinical comparison of intravenous and epidural local anesthetic for major abdominal surgery. Reg. Anesth. Pain Med. 2016, 41, 28–36. [Google Scholar] [CrossRef]

	



Groudine, S.B.; Fisher, H.A.; Kaufman, R.P., Jr.; Patel, M.K.; Wilkins, L.J.; Mehta, S.A.; Lumb, P.D. Intravenous lidocaine speeds the return of bowel function, decreases postoperative pain, and shortens hospital stay in patients undergoing radical retropubic prostatectomy. Anesth. Analg. 1998, 86, 235–239. [Google Scholar] [CrossRef]

	



Wuethrich, P.Y.; Romero, J.; Burkhard, F.C.; Curatolo, M. No benefit from perioperative intravenous lidocaine in laparoscopic renal surgery: A randomised, placebo-controlled study. Eur. J. Anaesthesiol. 2012, 29, 537–543. [Google Scholar] [CrossRef]

	



Insler, S.R.; O’Connor, M.; Samonte, A.F.; Bazaral, M.G. Lidocaine and the inhibition of postoperative pain in coronary artery bypass patients. J. Cardiothorac. Vasc. Anesth. 1995, 9, 541–546. [Google Scholar] [CrossRef]

	



Boswell, M.R.; Moman, R.N.; Burtoft, M.; Gerdes, H.; Martinez, J.; Gerberi, D.J.; Wittwer, E.; Murad, M.H.; Hooten, W.M. Lidocaine for postoperative pain after cardiac surgery: A systematic review. J. Cardiothorac. Surg. 2021, 16, 1–7. [Google Scholar] [CrossRef]

	



Cui, W.; Li, Y.; Li, S.; Wang, R.; Li, J. Systemic administration of lidocaine reduces morphine requirements and postoperative pain of patients undergoing thoracic surgery after propofol-remifentanil-based anaesthesia. Eur. J. Anaesthesiol. 2010, 27, 41–46. [Google Scholar] [CrossRef] [PubMed]

	



Dunn, L.K.; Durieux, M. Perioperative Use of Intravenous Lidocaine. Anesthesiology 2017, 126, 729–737. [Google Scholar] [CrossRef] [PubMed]

	



Plass, F.; Nicolle, C.; Zamparini, M.; Al Issa, G.; Fiant, A.L.; Le Roux, Y.; Gérard, J.L.; Fischer, M.O.; Alvès, A.; Hanouz, J. Effect of intra-operative intravenous lidocaine on opioid consumption after bariatric surgery: A prospective, randomised, blinded, placebo-controlled study. Anaesthesia 2021, 76, 189–198. [Google Scholar] [CrossRef] [PubMed]

	



Terkawi, A.S.; Sharma, S.; Durieux, M.E.; Thammishetti, S.; Brenin, D.; Tiouririne, M. Perioperative lidocaine infusion reduces the incidence of post-mastectomy chronic pain: A double-blind, placebo-controlled randomized trial. Pain Physician 2015, 18, E139–E146. [Google Scholar]

	



Wall, T.P.; Buggy, D.J. Perioperative Intravenous Lidocaine and Metastatic Cancer Recurrence—A Narrative Review. Front. Oncol. 2021, 11, 688896. [Google Scholar] [CrossRef]

	



Dvorak, H.F. Tumors: Wounds that do not heal. Similarities between tumor stroma generation and wound healing. N. Engl. J. Med. 1986, 315, 1650–1659. [Google Scholar] [CrossRef]

	



Alieva, M.; van Rheenen, J.; Broekman, M.L.D. Potential impact of invasive surgical procedures on primary tumor growth and metastasis. Clin. Exp. Metastasis 2018, 35, 319–331. [Google Scholar] [CrossRef]

	



Chlebowski, R.T.; Block, J.B.; Cundiff, D.; Dietrich, M.F. Doxorubicin cytotoxicity enhanced by local anesthetics in a human melanoma cell line. Cancer Treat. Rep. 1982, 66, 121–125. [Google Scholar]

	



D’Agostino, G.; Saporito, A.; Cecchinato, V.; Silvestri, Y.; Borgeat, A.; Anselmi, L.; Uguccioni, M. Lidocaine inhibits cytoskeletal remodelling and human breast cancer cell migration. Br. J. Anaesth. 2018, 121, 962–968. [Google Scholar] [CrossRef] [PubMed]

	



Li, R.; Xiao, C.; Liu, H.; Huang, Y.; Dilger, J.P.; Lin, J. Effects of local anesthetics on breast cancer cell viability and migration. BMC Cancer 2018, 18, 666. [Google Scholar] [CrossRef] [PubMed]

	



Li, K.; Yang, J.; Han, X. Lidocaine Sensitizes the Cytotoxicity of Cisplatin in Breast Cancer Cells via Up-Regulation of RARβ2 and RASSF1A Demethylation. Int. J. Mol. Sci. 2014, 15, 23519–23536. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.W.Y.; Xie, J.X.J.; Liu, W.L.W.; Zhang, R.Z.R.; Huang, S.H.S.; Xing, Y.X.Y. Lidocaine sensitizes the cytotoxicity of 5-fluorouacil in melanoma cells via upregulation of microRNA-493. Pharmazie 2017, 72, 663–669. [Google Scholar] [CrossRef]

	



Zhang, X.; Pang, W.; Liu, H.; Wang, J. Lidocine potentiates the cytotoxicity of 5-fluorouracil to choriocarcinoma cells by downregulating ABC transport proteins expression. J. Cell. Biochem. 2019, 120, 16533–16542. [Google Scholar] [CrossRef]

	



Freeman, J.; Crowley, P.D.; Foley, A.G.; Gallagher, H.C.; Iwasaki, M.; Ma, D.; Buggy, D.J. Effect of Perioperative Lidocaine, Propofol and Steroids on Pulmonary Metastasis in a Murine Model of Breast Cancer Surgery. Cancers 2019, 11, 613. [Google Scholar] [CrossRef]

	



Galoș, E.V.; Tat, T.-F.; Popa, R.; Efrimescu, C.-I.; Finnerty, D.; Buggy, D.J.; Ionescu, D.C.; Mihu, C.M. Neutrophil extracellular trapping and angiogenesis biomarkers after intravenous or inhalation anaesthesia with or without intravenous lidocaine for breast cancer surgery: A prospective, randomised trial. Br. J. Anaesth. 2020, 125, 712–721. [Google Scholar] [CrossRef]

	



Johnson, M.; Crowley, P.; Foley, A.; Xue, C.; Gallagher, H.; Buggy, D. Does perioperative i.v. lidocaine infusion during tumour resection surgery reduce metastatic disease in the 4T1 mouse model of breast cancer? Br. J. Anaesth. 2018, 120, e1–e2. [Google Scholar] [CrossRef]

	



Fraser, S.P.; Diss, J.K.; Chioni, A.M.; Mycielska, M.E.; Pan, H.; Yamaci, R.F. Voltage-gated sodium channel expression and potentiation of human breast cancer metas- tasis. Clin. Cancer Res. 2005, 11, 5381–5389. [Google Scholar] [CrossRef]

	



Piegeler, T.; Schläpfer, M.; Dull, R.O.; Schwartz, D.E.; Borgeat, A.; Minshall, R.D.; Beck-Schimmer, B. Clinically relevant concentrations of lidocaine and ropivacaine inhibit TNFα-induced invasion of lung adenocarcinoma cells in vitro by blocking the activation of Akt and focal adhesion kinase. Br. J. Anaesth. 2015, 115, 784–791. [Google Scholar] [CrossRef]

	



Akkuş, M.; Öner, E. Can local infiltration of lidocaine reduce the postoperative atrial fibrillation rate in patients undergoing lobectomy for lung cancer? Acta Chir. Belg. 2019, 23, 265–270. [Google Scholar] [CrossRef] [PubMed]

	



Xing, W.; Chen, D.-T.; Pan, J.-H.; Chen, Y.-H.; Yan, Y.; Li, Q.; Xue, R.-F.; Yuan, Y.-F.; Zeng, W.-A. Lidocaine Induces Apoptosis and Suppresses Tumor Growth in Human Hepatocellular Carcinoma Cells In Vitro and in a Xenograft Model In Vivo. Anesthesiology 2017, 126, 868–881. [Google Scholar] [CrossRef]

	



Yang, X.; Zhao, L.; Li, M.; Yan, L.; Zhang, S.; Mi, Z.; Ren, L.; Xu, J. Lidocaine enhances the effects of chemotherapeutic drugs against bladder cancer. Sci. Rep. 2018, 8, 598. [Google Scholar] [CrossRef]

	



Grandhi, R.K.; Perona, B. Mechanisms of Action by Which Local Anesthetics Reduce Cancer Recurrence: A Systematic Review. Pain Med. 2020, 21, 401–414. [Google Scholar] [CrossRef]

	



Euasobhon, P.; Dej-Arkom, S.; Siriussawakul, A.; Muangman, S.; Sriraj, W.; Pattanittum, P.; Lumbiganon, P. Lidocaine for reducing propofol-induced pain on induction of anaesthesia in adults. Cochrane Database Syst. Rev. 2016, 2, CD007874. [Google Scholar] [CrossRef]

	



E Silva, L.O.J.; Scherber, K.; Cabrera, D.; Motov, S.; Erwin, P.J.; West, C.P.; Murad, M.H.; Bellolio, M.F. Safety and efficacy of intravenous lidocaine for pain management in the emergency department: A systematic review. Ann. Emerg. Med. 2018, 72, 135–144. [Google Scholar] [CrossRef]

	



Mooney, J.J.; Pagel, P.S.; Kundu, M.A. Safety, Tolerability, and Short-Term Efficacy of Intravenous Lidocaine Infusions for the Treatment of Chronic Pain in Adolescents and Young Adults: A Preliminary Report. Pain Med. 2014, 15, 820–825. [Google Scholar] [CrossRef]

	



Macfarlane, A.J.R.; Gitman, M.; Bornstein, K.J.; El-Boghdadly, K.; Weinberg, G. Updates in our understanding of local anaesthetic systemic toxicity: A narrative review. Anaesthesia 2021, 76, 27–39. [Google Scholar] [CrossRef] [PubMed]

	



Dale, G.J.; Phillips, S.; Falk, G.L. The analgesic efficacy of intravenous lidocaine infusion after laparoscopic fundoplication: A prospective, randomized, double-blind, placebo-controlled trial. Local Reg. Anesth. 2016, 9, 87–93. [Google Scholar] [CrossRef] [PubMed]

	



Illingworth, J.; Lambert, C.; Malik, J.W. Adult Intravenous Lidocaine (Lignocaine) Infusion for Perioperative Analgesia in Critical Care and Recovery. Available online: https://smh-gas.org.uk/wp-content/uploads/2021/03/Standard-operating-procedure-for-the-use-of-Adult-Intravenous-Lidocaine-Lignocaine-infusion-for-Perioperative-Analgesia-in-critical-care-and-recovery.docx.pdf (accessed on 7 June 2022).

	



Shanthanna, H.; Weinberg, G. Intravenous lidocaine, regional blockade, or both: Considerations for multiple interventions involving local anaesthetics. Br. J. Anaesth. 2021, 127, 497–501. [Google Scholar] [CrossRef]

	



Bailey, M.A.; Toner, A.J.; Corcoran, T.B. A survey of perioperative intravenous lidocaine use by anaesthetists in Australia and New Zealand. Anaesth. Intensiv. Care 2020, 48, 53e8. [Google Scholar] [CrossRef] [PubMed]

	



Meaney, E.D.; Reid, L.; Srivastava, D. A survey on the use of intravenous lidocaine infusion for acute pain in Scottish Hospitals. Br. J. Pain 2020, 14, 98e103. [Google Scholar] [CrossRef] [PubMed]

	



Kazemi, A.; Dunn, L. Clinical Implications of IV Lidocaine Infusion in Preoperative/Acute Pain Settings. Available online: https://www.asra.com/guidelines-articles/original-articles/regional-anesthesia/regional-anesthesia/asra-news/2018/07/24/clinical-implications-of-iv-lidocaine-infusion-in-preoperative-acute-pain-settings (accessed on 13 June 2022).

	



Pandit, J.J.; McGuire, N. Unlicensed intravenous lidocaine for postoperative pain: Always a safer ‘licence to stop’ than to start. Anaesthesia 2021, 76, 156–160. [Google Scholar] [CrossRef]

	



Weibel, S.; Jokinen, J.; Pace, N.; Schnabel, A.; Hollmann, M.; Hahnenkamp, K.; Eberhart, L.; Poepping, D.; Afshari, A.; Kranke, P. Efficacy and safety of intravenous lidocaine for postoperative analgesia and recovery after surgery: A systematic review with trial sequential analysis. Br. J. Anaesth. 2016, 116, 770–783. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 11 03543 g001 550] 





Figure 1. Chemical structure of lidocaine and its metabolites. Reprinted from Ref. [9], Copyright 2019, with permission from Elsevier. 
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Figure 2. Proposed mechanisms of how lidocaine reduces cancer recurrence. 
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Figure 3. Indirect versus direct effects of local anaesthetics on tumour progression. 
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Figure 4. Summary of the actions of lidocaine on cancer cell activity, adapted from [79]. 
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Figure 5. Strategies to minimise local anaesthetic systemic toxicity (LAST) [86]. 
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