
D
ow

nloaded
from

http://journals.lw
w
.com

/anesthesia-analgesia
by

BhD
M
f5ePH

Kav1zEoum
1tQ

fN
4a+kJLhEZgbsIH

o4XM
i0hC

yw
C
X1AW

nYQ
p/IlQ

rH
D
3JvjgSxPcaSJE0H

B34R
w
3C

yR
XceG

M
W
P9m

yZn1D
D
Q
cBpH

TuG
96VhiebQ

==
on

10/05/2020

Downloadedfromhttp://journals.lww.com/anesthesia-analgesiabyBhDMf5ePHKav1zEoum1tQfN4a+kJLhEZgbsIHo4XMi0hCywCX1AWnYQp/IlQrHD3JvjgSxPcaSJE0HB34Rw3CyRXceGMWP9myZn1DDQcBpHTuG96VhiebQ==on10/05/2020

1246	 www.anesthesia-analgesia.org	 November 2018 • Volume 127 • Number 5

DOI: 10.1213/ANE.0000000000003668

General anesthesia is a drug-induced reversible state 
consisting of unconsciousness, amnesia, antinocicep-
tion, and immobility, with maintenance of physiologi-

cal stability.1 Balanced general anesthesia, the most common 

management strategy used in anesthesia care, entails adminis-
tering a combination of different agents to create the anesthetic 
state. Anesthesiologists developed this approach to avoid sole 
reliance on ether for maintenance of general anesthesia.2 There 
is evidence that balanced general anesthesia uses less of each 
drug than if the drug were administered alone.3 This approach 
is believed to increase the likelihood of a drug’s desired effects 
and reduce the likelihood of its side effects.

Current practice of balanced general anesthesia relies on 
a hypnotic, such as propofol, for induction and on an inhaled 
ether or on a hypnotic infusion to maintain unconscious-
ness.  Although midazolam is often administered before 
induction to treat anxiety, amnesia is managed implicitly 
by rendering the patient unconscious. And while muscle 
relaxants are administered to produce immobility, admin-
istration of propofol and of inhaled ethers also contributes 
to muscle relaxation. To date, balanced general anesthesia 
has relied almost exclusively on opioids administered as 
intermittent boluses or as continuous infusions to manage 
nociception intraoperatively and pain postoperatively.

We distinguish here between nociception and pain. 
Nociception is the propagation through the sensory system 
of potentially noxious and harmful stimuli, whereas pain 
is the conscious perception of nociceptive information.4 For 
example, if a patient is unconscious after receiving only pro-
pofol and has an increase in heart rate and blood pressure 
in response to the surgical incision, then this is an example 
of nociception. If a surgeon makes an incision to create a 
dialysis fistula after an inadequate administration of local 
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anesthesia for a field block and the patient says, “Ouch,” 
then this is pain. The heart rate and blood pressure most 
certainly would go up as a physiological response. Someone 
monitoring the vital signs but unable to hear the patient 
would appreciate the patient’s nociceptive response.

Nociception induced by surgery, due to tearing of tissue 
and inflammation, is the primary reason for placing a patient 
in a state of general anesthesia.5 If not controlled, nociceptive 
perturbations are also the primary source of hemodynamic 
and stress responses intraoperatively and of chronic pain syn-
dromes postoperatively. While opioids are the most effective 
antinociceptive agents, they have undesirable side effects, 
including respiratory depression, nausea, vomiting, urinary 
retention, constipation, ileus, and pruritus.6 Overreliance on 
opioids has certainly contributed to the opioid epidemic in 
the United States.7 Propofol and the inhaled ethers also con-
tribute to antinociception by maintaining unconsciousness, 
and thereby altering perception of nociceptive stimuli.

Spurred by concerns about opioid overuse and their unde-
sirable side effects, strategies for balanced general anesthesia 
are now using multiple agents in addition to or in lieu of opi-
oids to manage the nociceptive component of the anesthetic 
state. Under this approach, called “multimodal general anes-
thesia,” the additional drugs may include agents with specific 
central nervous system targets such as dexmedetomidine8 
as well as ones whose targets are less specific such as lido-
caine.9 It is postulated that the use of more agents at smaller 
doses further maximizes desired effects while minimizing 
side effects.10 And while the multimodal approach appears to 

maximize the benefit-to-side effect ratio, no rational strategy 
for choosing the drug combinations has been proposed.

We propose that a rational strategy for multimodal general 
anesthesia should: (1) administer combinations of antinocicep-
tive agents chosen so that each one targets a different circuit in 
the nociceptive system; (2) monitor continuously levels of anti-
nociception and unconsciousness; (3) use explicitly the sedative 
effects of the antinociceptive agents to reduce the doses of hyp-
notic agents and inhaled anesthetics administered to maintain 
unconsciousness; and (4) continue multimodal pain control 
during the in-hospital postoperative period and after discharge.

We review the anatomy and physiology of the parts 
of nociceptive and arousal systems, and the mechanisms 
through which commonly used anesthetic and nonanes-
thetic drugs act in these systems. We show that under-
standing these systems can be used to formulate a rational 
strategy for multimodal general anesthesia management. 
We illustrate the new strategy by summarizing anesthetic 
management for 4 representative surgeries.

MULTIMODAL GENERAL ANESTHESIA: THEORY
The nociceptive system of the body consists of the nociceptors, 
the ascending nociceptive pathways, and the descending noci-
ceptive pathways (Figure 1).4,11 Nociceptors are unspecialized, 
bare nerve cell endings located in peripheral tissue and in the 
viscera that initiate nociception or pain (Figure 1A). The cell 
bodies arise in the dorsal horn of the spinal cord and send one 
axonal process to the periphery and the other to the spinal cord 
or brainstem. The ascending pathways transmit nociceptive 

Figure 1. Ascending and descending nociception pathways. A, Nociceptive signals enter the spinal cord through nociceptive neurons that 
have specialized sensory receptors which lie in the tissue and cell bodies which lie in the dorsal root ganglia. These neurons synapse in the 
dorsal horn of the spinal cord onto primary projection neurons that travel in the anterolateral fasciculus through the spinal reticular tract (to 
the NTS and the amygdala) and spinal thalamic tract (to the thalamus). Projections from the thalamus continue to primary sensory cortex. B, 
The descending pathways begin in the sensory cortex and project to the hypothalamus and amygdala. Projections from the hypothalamus and 
amygdala synapse in the PAG, NTS, and RVM. Projections from the RVM carried in the reticular spinal tract modulate incoming nociceptive 
information by synapsing onto inputs to nociceptive neurons at the level of the dorsal horn. NTS indicates nucleus of the tractus solitarius; 
PAG, periaqueductal gray; RVM, rostral ventral medulla.
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stimuli from the periphery to the spinal cord to the brainstem 
(medulla and midbrain), the amygdala, the thalamus, and on 
to the primary and secondary sensory cortices. The descend-
ing nociceptive pathways begin in the sensory cortex and proj-
ect to the hypothalamus and amygdala. The projections from 
the hypothalamus and amygdala synapse in the periaqueduc-
tal gray in the midbrain, and the nucleus of the tracts solitarius 
and the rostral ventral medulla in the medulla. The periaque-
ductal gray projects to the spinal cord primarily through the 
rostra ventral medulla. The descending pathways are acti-
vated immediately by the ascending nociceptive ascending 
pathways and modulate (upregulate and downregulate) noci-
ceptive information transmission (Figure 1B).

Because there are multiple different neurotransmitters and 
neural relays in the ascending and descending pathways, there 
are multiple targets at which antinociceptive agents can act to 
disrupt nociceptive information processing. Targeting simul-
taneously multiple targets in the nociceptive system is the key 
concept underlying the design of a multimodal strategy for 
nociceptive control, and hence, multimodal general anesthe-
sia. We focus our discussion of antinociceptive agents on opi-
oids, ketamine, magnesium, dexmedetomidine, nonsteroidal 
anti-inflammatory drugs (NSAIDs), and the local anesthetic 
lidocaine. The nociceptive pathways have strong connections 
with the arousal pathways, which is why administering anti-
nociceptive agents decreases arousal. We focus our discussion 
of hypnotic agents on propofol and sevoflurane.

Antinociceptive Agents
Opioids. Opioids, the primary class of drugs used as 
antinociceptive agents, target multiple classes of opioid 

receptors in the periaqueductal gray, the spinal cord, amygdala, 
rostral ventral medulla, and cortex (Figure 2).12–15 Binding to 
opioid receptors disrupts information transmission in the 
nociceptive circuits by decreasing conductance of voltage-
gated calcium channels and opening of inward-rectifying 
potassium channels.16 Activation of the opioid receptors has 
2 principal effects on nociceptive information transmission: 
blocking afferent nociceptive inputs into the spinal cord; 
and enhancing descending inhibition of nociceptive inputs 
beginning at the level of the periaqueductal gray. These 
descending projections originate in the periaqueductal 
gray and project to the spinal cord through synapses in the 
rostral ventral medulla. These 2 effects of opioids decrease 
nociceptive information processing. In contrast, action of the 
opioids in the amygdala decreases nociceptive perception and 
the emotional effect of nociceptive and pain stimulation.17,18 
These multisite antinociceptive effects are also one of the 
mechanisms through which opioids decrease arousal. 
Opioids also decrease arousal through their inhibitory 
actions on brainstem cholinergic circuits at the level of the 
lateral dorsal tegmental nucleus, the pedunculopontine 
tegmental nucleus, the median pontine reticular formation, 
and the thalamus.19,20 Opioids enhance cholinergic input to 
the sinoatrial node, induce bradycardia, and thereby, mitigate 
sympathetic responses associated with nociception.21

Ketamine. The principal antinociceptive effects of ketamine 
are due to its targeting of N-methyl-d-aspartate (NMDA) 
glutamate receptors located on peripheral afferent 
nociceptive neurons that synapse in the dorsal horn of the 
spinal cord (Figure 3).22 Glutamate is the primary excitatory 

Figure 2. Opioids. The mechanisms of opioid-induced antinociception are produced by opioid binding to opioid receptors in the brainstem 
and spinal cord. Opioid-induced decrease in arousal is produced by blockade of cholinergic arousal projections from the brainstem to the 
thalamus and cortex. The symbol  denotes an excitatory effect. The symbol  denotes an inhibitory effect. The symbols  and  denote 
inhibition of the indicated effects. ACh indicates acetylcholine; DRG, dorsal root ganglia; Glu, glutamate; LDT, laterodorsal tegmental area; 
mPRF, medial pontine reticular formation; NE, norepinephrine; PAF, peripheral afferent fiber; PAG, periaqueductal gray; PN, projection neuron; 
PPT, pedunculopontine tegmental area; RVM, rostral ventral medulla.
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neurotransmitter in the nervous system. Blocking nociceptive 
inputs at this juncture impedes the entrance of these signals into 
the spinal cord. The actions of ketamine at NMDA receptors 
in the cortex and other parts of the arousal system contribute 
both to its antinociceptive effects and to its capacity to decrease 
arousal.8 At low doses, ketamine binds preferentially to 
NMDA receptors on γ-aminobutyric acid-ergic (GABAergic) 
inhibitory interneurons, leading to general disinhibition of 
pyramidal neurons and diffuse excitatory cortical activity.23,24 
This activity is marked by gamma oscillations (25–30 Hz) 
in the electroencephalogram and an altered state of arousal 
that commonly includes hallucination.1,25 At higher doses, 
ketamine also blocks NMDA receptors on excitatory 
pyramidal neurons. Pyramidal neurons with NMDA 
receptors can be found in many locations throughout the 
brain and central nervous system. However, key targets for 
altering arousal are the glutamatergic projections from the 
parabrachial nucleus and from the medial pontine reticular 
formation in the brainstem to the thalamus and to the basal 
forebrain.26–28 These glutamatergic projections are very potent, 
excitatory arousal pathways. At higher ketamine doses, 
inactivation of these arousal pathways leads most likely to 
profound unconsciousness marked by electroencephalogram 
patterns, which show profound slow-delta oscillations (0.1–4 
Hz) alternating with gamma oscillations.29

Magnesium. Magnesium, the fourth most common cation 
in the body, plays a critical role in numerous physiological 
processes (Figure  3).30 In obstetrical anesthesia care, 
magnesium is used as an antihypertensive and a muscle 
relaxant to treat preeclampsia.31 Several of these therapeutic 
effects are mediated through its blockade of calcium 
channels.32 In addition, magnesium blocks NMDA receptors.33 
Because of its inhibitory effects at glutamatergic synapses, a 
magnesium infusion can be used as an adjunct to reduce the 
dose of antinociceptive agents being administered as part 

of a multimodal general anesthesia regimen. Magnesium 
also potentiates the effects of the hypnotics on arousal.34 The 
antinociceptive and hypnotic targets of magnesium are most 
likely the same as ketamine. However, because magnesium is 
a widely prevalent ion, it most certainly contributes to these 
states as well through its wide range of nonspecific targets. 
Magnesium’s profound effects on blood pressure and muscle 
relaxation must be taken into account when this agent is 
administered as part of a multimodal general anesthesia 
regimen.31 Similarly, it is important to be cognizant that high 
doses of magnesium can lead to decreased atrioventricular 
conduction, heart block, and possibly cardiac arrest.30

Dexmedetomidine. Dexmedetomidine, the α-2 adrenergic 
receptor agonist, like clonidine,  exerts its antinociceptive 
effects in 2 primary locations (Figure  4). It enhances 
descending inhibition of nociceptive transmission by 
activating inhibitory interneurons that synapse onto 
projection neurons in the dorsal horn of the spinal cord.35 
Dexmedetomidine also exerts a key antinociceptive effect 
by decreasing arousal. In this regard, dexmedetomidine acts 
presynaptically to decrease release of norepinephrine from 
locus coeruleus neurons projecting to the basal forebrain, 
intralaminar nucleus of the thalamus, the preoptic 
area of the hypothalamus, and diffusely to the cortex.8 
Decreased norepinephrine release in the preoptic area of 
the hypothalamus disinhibits GABAergic and galanergic 
inhibitory projections to the major arousal nuclei in the 
midbrain and pons.36,37 The actions of dexmedetomidine 
at these 4 principal targets lead to a substantial decrease in 
arousal due to decreased noradrenergic excitatory inputs to 
the preoptic area of the hypothalamus, the thalamus, basal 
forebrain, and the cortex. Under dexmedetomidine, the 
electroencephalogram shows spindle (intermittent 9–15 Hz) 
oscillations and slow-delta oscillations at low-to-moderate 
doses, and only slow-delta oscillations at high doses.38,39

Figure 3. Ketamine and magnesium. 
The mechanisms of ketamine- and 
magnesium-induced antinociception 
are produced primarily by blockade of 
glutamatergic receptors in the spinal 
cord and in arousal projections ema-
nating from the brainstem. Ketamine 
at low doses blocks GABAergic inter-
neurons. DRG indicates dorsal root 
ganglia; GABA, γ-aminobutyric acid; Glu, 
glutamate; mPRF, medial pontine reticu-
lar formation; PAF, peripheral afferent 
fiber; PB, parabrachial nucleus; PN, pro-
jection neuron.
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Nonsteroidal Anti-Inflammatory Drugs. Each surgical insult 
induces local release of numerous inflammatory mediators, 
which enter the circulation and spread systemically.40,41 These 
inflammatory mediators are major enhancers of the nociceptive 
response to the insult.4 One of the most prevalent of these 
mediators are the prostaglandins. Prostaglandins activate 
the nociceptive system by binding to tissue nociceptors. 
Suppression of prostaglandin synthesis at sites of inflammation 
is the primary mechanism underlying the antinociceptive 
effects of NSAIDs (Figure 5).42 The antinociceptive and anti-
inflammatory effects of NSAIDs result from their ability to 
inhibit the activity of the cyclooxygenase isoforms 1 and 2.43 
Inhibition of the cyclooxygenase enzymes impairs the 2-step 
transformation of arachidonic acid into prostaglandins, and 
with this, the production of these key inflammatory mediators 
and nociceptive agents.44

Lidocaine. An infusion of the local anesthetic lidocaine is 
commonly used as an adjunct to control intraoperative 
nociception and postoperative pain. When used in nerve 
blocks or regional anesthesia, local anesthetics produce 
antinociception by either inhibiting excitation of nerve endings 
or by blocking conduction of action potentials in peripheral 
nerves.45 Local anesthetics accomplish these effects by binding 
reversibly to sodium channels and thus, blocking the sodium 
influx required to sustain action potentials.46 The primary 
target of local anesthetics is the sodium channel open state, 
and the effectiveness of the local anesthetic in blocking action 
potential propagation depends critically on how frequently 
the neuron is depolarized.46 Blocking of sodium channels is 
not likely to be the primary mechanism through which local 
anesthetic infusions contribute to antinociception because these 
effects are achieved at relatively low blood concentrations.9 A 
more likely mechanism is by their ability to block neutrophil 
priming (Figure  5).47 In response to tissue injury such as a 
surgical incision, primed neutrophils degranulate and amplify 

the inflammatory response. Lidocaine likely downregulates 
neutrophil degranulation.48 This G-protein–mediated effect 
presumably impedes the ability of neutrophils to amplify the 
inflammatory response and hence, the nociceptive signaling 
created by a surgical insult.49 Alternative mechanisms through 
which lidocaine could likely enhance antinociception are 
through blockade of sodium channels, NMDA receptors, 
and/or glycine receptors on neurons in brainstem arousal 
circuits and in the amygdala, thus diminishing nociceptive 
transmission and enhancing sedation.50–52

Hypnotic Agents
Propofol and Sevoflurane. The intravenous anesthetic 
propofol and the inhaled ether anesthetic sevoflurane are the 
principal hypnotics administered in current anesthesiology 
practice. These agents do not act directly in the nociceptive 
pathways but rather decrease perception of nociceptive 
stimuli by rendering the patient unconscious. The primary 
targets of these anesthetics are γ-aminobutyric acid subtype 
A (GABAA) receptor53 synapses of inhibitory interneurons 
on to pyramidal neurons in the cortex, thalamus, brainstem, 
striatum, and spinal cord (Figure 6).54,55 In addition to GABAA 
receptors, sevoflurane and the other inhaled ethers also block 
2-pore potassium channels, hyperpolarizing-activated cyclic 
nucleotide-gated channels, and NMDA receptors.54

The effects of these anesthetics in the brain are read-
ily visible in the electroencephalogram of young adults as 
characteristic slow-delta oscillations and alpha oscillations 
(8–12 Hz). The slow-delta oscillations most likely represent 
hyperpolarization of the thalamus and cortex due to direct 
inhibition of pyramidal neurons by the anesthetics in cortex 
and in the thalamic reticular nucleus. The anesthetics also 
contribute to these slow-delta oscillations by decreasing 
excitatory brainstem inputs to the thalamus and cortex due 
to their actions at the GABAergic synapses from the preoptic 
area of the hypothalamus onto the major arousal centers in 

Figure 4. Dexmedetomidine and cloni-
dine. Dexmedetomidine- and clonidine-
induced antinociception occur primarily 
through enhanced inhibitory activity in 
the descending nociceptive pathways. 
Sedation induced by dexmedetomidine 
or clonidine and loss of consciousness 
induced by dexmedetomidine occur 
through NE-mediated disinhibition 
of the POA of the hypothalamus and 
decreased noradrenergic signaling in 
the thalamus and cortex. 5HT indicates 
serotonin; ACh, acetylcholine; DA, dopa-
mine; DR, dorsal raphé; DRG, dorsal 
root ganglia; GABAA, γ-aminobutyric acid 
receptor subtype A; Gal, galanin; His, 
histamine; ILN, intralaminar nucleus of 
the thalamus; LC, locus coeruleus; LDT, 
laterodorsal tegmental area; NE, norepi-
nephrine; PAF, peripheral afferent fiber; 
PN, projection neuron; POA, preoptic 
area; PPT, pedunculopontine tegmen-
tal area; RVM, rostral ventral medulla; 
TMN, tuberomammillary nucleus; vPAG, 
ventral periaqueductal gray.
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the midbrain and pons (Figure 6).36,37 The slow oscillations 
are incoherent across the cortex and are associated with 
highly phase-limited spiking activity across the cortex.56,57 
The alpha oscillations are coherent across the front of the 
head and most likely represent coherent activity between 
the thalamus and the cortex.58,59 The presence of the phase-
limited spiking activity maintained by the slow oscillations 
and the coherent alpha oscillations most likely maintain 
unconsciousness by impairing neuronal communication 
within and between brain regions. Above 1 minimal alveo-
lar concentration, sevoflurane and the other inhaled ether 
anesthetics show a downward shift in the alpha power and 
an upward shift in the delta power that gives the appear-
ance of a theta oscillation (4–8 Hz).25 These shifts in power 
in these 2 frequency bands are empirically associated with 
more profound states of unconsciousness.25

Multimodal General Anesthesia: Rational Design 
of a Practice Strategy
Using this analysis of the antinociceptive and hypnotic 
agents, we summarize in Table  1 a rational strategy for 
implementing multimodal general anesthesia. For each of 

the principal behavioral states of general anesthesia, our 
strategy defines drugs that are administered to explicitly 
maintain that state and those that contribute implicitly to 
maintaining the state. For example, remifentanil is admin-
istered explicitly to maintain antinociception, yet its seda-
tive effects contribute implicitly to unconsciousness. The 
key features of this strategy are to make control of nocicep-
tion a primary objective of the choice of anesthetics used 
for maintenance by using combinations of mechanistically 
distinct agents; take advantage of the fact that each anes-
thetic has an explicit and an implicit effect when choosing 
drug combinations, particularly the effect of the antinoci-
ceptive agents on unconsciousness; and make multimodal 
pain control a key objective in the postoperative period 
(Table 2).

Antinociception. For maintenance of antinociception 
during general anesthesia, we use simultaneously multiple 
antinociceptive agents, including opioids (Table 1, column 
II, row A). Use of multiple antinociceptive agents in 
addition to an opioid creates the opioid-sparing effect of 
these agents. Each agent targets a different component 

Figure 5. NSAIDs and lidocaine. Surgical insults 
induce rupture of cell membranes, leading to 
release of arachidonic acid, which, through the 
action of COX-1 and COX-2, is converted into 
prostaglandins, which are potent inflammatory 
and nociceptive mediators. NSAIDs modulate 
the nociceptive response by blocking the actions 
of COX-1 and COX-2, and lidocaine exerts their 
nociceptive effects by inactivating sodium chan-
nels, thus inhibiting excitation of nerve endings 
and blocking conduction of action potentials 
in peripheral nerves. Lidocaine also impedes 
neutrophil degranulation, thereby impeding the 
amplification of the inflammatory response. COX 
indicates cyclooxygenase; DRG, dorsal root gan-
glion; NSAID, nonsteroidal anti-inflammatory drug; 
PAF, peripheral afferent fiber; PGE2, prostaglandin 
E2; PGH2, prostaglandin H2; PGG2, prostaglan-
din G2; PN, projection neuron.
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of the nociceptive system so that together, they suppress 
more completely nociceptive transmission. The hypnotic 
agents reduce the ability to perceive pain, and thereby, 
contribute implicitly to antinociception (Table  1, column 
III, row A).

Unconsciousness. During general anesthesia, uncon
sciousness is maintained primarily by using a single titratable 
agent such as propofol or sevoflurane (Table  1, column II, 
row B). The antinociceptive agents profoundly contribute 
to unconsciousness by arresting nociceptive-induced 
arousal (Table  1, column III, row B). Because each of the 
antinociceptive agents decreases arousal, their combination 
reduces appreciably the hypnotic dose required to maintain 
unconsciousness. When considering the use of an inhaled 
ether to maintain unconsciousness, the fact that less is required 
when multiple antinociceptive agents are administered is 
the commonly cited special case of the minimal alveolar 
concentration–sparing effect of the antinociceptive drugs. 
Amnesia is maintained by ensuring unconsciousness 

because a patient who is truly unconscious and not simply 
unresponsive is also amnestic.

Immobility. A single muscle relaxant (nicotinic anticholinergic 
agent) can be used to maintain immobility (Table 1, column 
II, row C). The GABAergic hypnotic agents contribute to 
muscle relaxation by blocking α motor neurons at the level 
of the spinal cord (Table 1, column III, row C). Magnesium, 
administered as part of an antinociceptive regimen (Table 1, 
column II, row A), also enhances muscle relaxation 
significantly (Table 1, column III, row C). In this case, the 
muscle relaxant dose has to be reduced accordingly.

Unconsciousness and Antinociception Monitoring. In 
addition to standard monitors required for tracking 
the physiological state during general anesthesia, 
electroencephalogram monitoring is essential to track level 
of unconsciousness and to guide hypnotic dosing. The ability 
to apply our multimodal strategy would be substantially 
enhanced by a monitor to track level of antinociception and 

Figure 6. Propofol and sevoflurane. 
Propofol and sevoflurane induce uncon-
sciousness by enhancing inhibitory 
GABAergic activity of inhibitory inter-
neurons in the cortex, in the thalamus, 
and at the inhibitory GABAergic projec-
tions from the POA of the hypothala-
mus onto the arousal centers in the 
brainstem. 5HT indicates serotonin; 
ACh, acetylcholine; DA, dopamine; DR, 
dorsal raphé; GABA, γ-aminobutyric 
acid; Gal, galanin; His, histamine; LC, 
locus coeruleus; LDT, laterodorsal teg-
mental area; LH, lateral hypothalamus; 
NE, norepinephrine; POA, preoptic area; 
PPT, pedunculopontine tegmental area; 
TMN, tuberomammillary nucleus; TRN, 
thalamic reticular nucleus; vPAG, ven-
tral periaqueductal gray.

Table 1.   Multimodal General Anesthesia: Explicit and Implicit Maintenance of the Anesthetic State
I. Anesthetic State II. Explicit Maintenance III. Implicit Maintenance
A. Antinociception Ketamine (NMDA antagonist); remifentanil (opioid agonist); 

dexmedetomidine (α-2 agonist); magnesium (NMDA 
agonist); lidocaine (anti-inflammatory, sodium channel 
blockade); oral NSAID (anti-inflammatory)

Propofol (GABA agonist); sevoflurane (GABA agonist and 
other targets)

B. Unconsciousness 
(amnesia)

Propofol (induction and maintenance); sevoflurane Ketamine (NMDA antagonist); remifentanil (opioid 
agonist); dexmedetomidine (α-2 adrenergic agonist); 
magnesium (NMDA receptor); cisatracurium/
rocuronium (decreased proprioception)

C. Immobility Cisatracurium (induction and maintenance); rocuronium 
(induction and maintenance); succinylcholine (induction)

Magnesium (smooth muscle relaxant); propofol (central 
muscle relaxation); sevoflurane (central muscle 
relaxation)

Column I defines the behavioral component of general anesthesia. Column II gives examples of anesthetic agents that can be used to maintain the behavioral 
state of general anesthesia in column I. Column III shows the additional behavioral states to which the anesthetic contributes.
Abbreviations: GABA, γ-aminobutyric acid; NMDA, N-methyl-d-aspartate; NSAID, nonsteroidal anti-inflammatory drug.
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guide dosing of the antinociceptive agents.25 Such monitors 
are becoming commercially available.60–63 At present, we 
use heart rate and blood pressure changes as a measure of 
the nociceptive medullary adrenergic circuit response to 
nociceptive stimuli.64

MULTIMODAL GENERAL ANESTHESIA IN 
PRACTICE
To illustrate our multimodal general anesthesia strategy, 
we summarize the perioperative management of 4 surger-
ies: laminectomy, total knee replacement, cesarean delivery, 
and exploratory laparotomy (Table 2). The strategy requires 
an explicit plan for preoperative, intraoperative, postopera-
tive, and discharge antinociception/pain management. The 
drug doses and combinations are ones the anesthesiologist 
chose for the particular case. They are intended solely as 
examples. The management strategy, anesthetic choices, 
and anesthetic doses must be adapted to the needs of the 
individual patient.

Lumbar Laminectomy With Instrumentation
The preoperative anesthetic management for the lumbar 
laminectomy with instrumentation (Table  2, column I) 
started 30 minutes before the surgery by administering low-
dose infusions of dexmedetomidine and magnesium. These 
infusions, which initiate the patient’s antinociceptive regi-
men, commonly induce substantial sedation and muscle 
relaxation. Unconsciousness was induced with propofol 
and maintained with a low-rate propofol infusion and a 
low concentration of sevoflurane. After a ketamine bolus, 
ketamine and lidocaine infusions were added to complete 
simultaneous multimodal targeting of nociception. Muscle 
relaxation was maintained with rocuronium, which was 
reversed with sugammadex before the start of the instru-
mentation. The magnesium, lidocaine, and dexmedeto-
midine infusions were stopped 15–30 minutes before the 
projected end of the surgery to avoid prolonged recovery 
of consciousness. For postoperative antinociceptive man-
agement, a field block was performed by combining ropiva-
caine, dexmedetomidine, and ketorolac. Half of the volume 
was administered in the muscle layer along the wound, and 
the remaining half was administered in the subcutaneous 
tissue. This field block provided postoperative analgesia for 
approximately 24 hours.

We (M.N.) used the visual analog scale to allow the patient 
to describe their level of postoperative pain. Intravenous 
ketorolac and acetaminophen were the primary agents 
used for pain control, and morphine was administered to 
treat breakthrough pain. Before discharge, we counseled 
the patient on the benefits of taking pain medication on a 
set schedule and on the potential adverse effects of opioids. 
Our (M.N.) goal is to discharge patients using just NSAIDs, 
such as either ketorolac or acetaminophen to control pain.65 
This patient was also discharged on pregabalin as he had 
been taking it for neuropathic pain before his surgery.

Total Knee Replacement and Cesarean Delivery
The multimodal strategy also applies to surgeries such as 
total knee replacements (Table  2, column  II) and cesarean 
deliveries (Table  2, column III), which were conducted 
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using regional anesthetic techniques. For the total knee 
replacement, a low-dose propofol infusion was used for 
sedation during placement of the spinal and during the 
surgery. During the cesarean delivery, a low-dose propofol 
infusion was used for sedation until delivery then discon-
tinued at the end of the surgery. The spinal anesthetics for 
both cases used a combination of bupivacaine, clonidine, 
and morphine to achieve multimodal antinociception and 
muscle relaxation. Both patients received field blocks using 
a combination of ropivacaine, dexmedetomidine, and ketor-
olac at the completing of their surgeries before closing the 
skin incisions. For the field block, the anesthetic solution is 
injected in a systematic way around the length of the inci-
sion. Postoperative pain management relied on ketorolac 
and acetaminophen, with morphine as the rescue agent 
after the total knee replacement and tramadol as the rescue 
agent after the cesarean delivery. Both patients were dis-
charged home on ketorolac 10 mg every 8 hours for 3 days 
and acetaminophen 1 g every 8 hours for 5 days. In addition 
to the ketorolac and acetaminophen, the patient who had 
the total knee replacement was given tramadol 50 mg every 
8 hours for breakthrough pain.

Exploratory Laparotomy
For the exploratory laparotomy (Table  2, column IV), the 
patient received 100 mg of fentanyl as a preinduction seda-
tive. Intraoperative antinociception management included 
infusions of ketamine, dexmedetomidine, and remifentanil, 
along with a continuous epidural bupivacaine infusion. The 
patient received a bolus of ketamine (0.5 mg·kg−1) before 
starting the ketamine infusion. Induction was with propo-
fol and succinylcholine, and a low-dose propofol infusion 
(30–70 µg·kg−1·minute−1) was used to maintain unconscious-
ness. Muscle relaxation was maintained with rocuronium 
and reversed at the end of the surgery with neostigmine 
and glycopyrrolate. The epidural was continued for 2 days 
postoperatively for pain control using a bupivacaine/
hydromorphone infusion. Acetaminophen and 1 dose of 
hydromorphone were administered for breakthrough pain. 
On postoperative day 3, the patient received acetamino-
phen and was discharged home on naproxen 220 mg every 
12 hours and oxycodone 5 mg every 4 hours as needed for 
breakthrough pain.

CONCLUSIONS
For many years after the initial use of ether as the first anes-
thetic in the 1840s, anesthesiologists relied almost exclu-
sively on this single agent for anesthetic management. With 
time, anesthesiologists learned that using balanced general 
anesthesia to create the anesthetic state offered a greater 
likelihood of achieving the beneficial effects while mini-
mizing side effects. The several undesirable side effects of 
the opioids and the recent opioid epidemic have catalyzed 
efforts to develop new balanced anesthesia paradigms, 
which reduce or eliminate opioid use.10,66

For example, a recent review proposes an opioid-free 
multimodal balanced general anesthesia strategy that pro-
vides unconsciousness with amnesia and muscle relaxation 
while maintaining appropriate tissue perfusion and sympa-
thetic stability to protect organs.10 This strategy emphasizes 

use of medications other than opioids to create stress-free 
intraoperative conditions and asserts that analgesia is 
only important postoperatively and can be achieved with 
medications other than opioids. In contrast, we believe that 
nociception should be maintained intraoperatively and 
postoperatively using multiple antinociceptive agents.

A recent report has summarized the modalities (non-
anesthetic and anesthetic adjuncts, and regional techniques) 
that can be used to reduce opioid use perioperatively.67 Our 
framework offers a principled approach for designing and 
implementing multimodal strategies for use in anesthesi-
ology practice. The fundamental feature of our strategy is 
administration of multiple antinociceptive agents simul-
taneously to suppress nociceptive trafficking during both 
general and regional anesthesia (Table 2). Each agent targets 
a different component of the nociceptive system. Our neu-
ral circuit analyses provide a neurophysiologically based 
approach for understanding the effects of each anesthetic and 
for choosing the anesthetic combinations (Figures  2–6). As 
stated in the “Introduction,” surgically induced nociception 
is the primary reason for administering general anesthesia 
and the primary source of the patient’s hemodynamic and 
stress responses. If nociceptive control is adequate, the stress 
responses will be minimized and sympathetic stability will be 
achieved. Moreover, our approach also takes account of the 
implicit effects of the anesthetics being administered (Table 1). 
Suppression of nociceptive transmission has the signifi-
cant added benefit of decreasing arousal, which appreciably 
reduces the hypnotic doses required to maintain unconscious-
ness and amnesia. We postulate that reduction in hypnotic use 
may facilitate faster recovery and help reduce the contribution 
of general anesthesia to postoperative cognitive dysfunction. 
Similarly, muscle relaxants decrease arousal by decreasing 
proprioceptive feedback. Under our strategy, opioid use need 
not be eliminated. Instead, other agents are used along with 
opioids to achieve antinociception control intraoperatively 
and pain control postoperatively (Tables 1 and 2).

To achieve adequate postoperative pain control, multi-
modal pain management has to be continued in the immedi-
ate postoperative period and after discharge (Table 2). This 
formal planning that provides an explicit way to reduce 
postoperative opioid use requires coordinated management 
during the perioperative period among the anesthesiology, 
surgical, and nursing teams. Our experience suggests that 
this multimodal strategy has important potential. We will 
test our strategy further in clinical practice and in clinical 
trial comparisons with existing approaches. E

APPENDIX 
Glossary of Terms
α-2 adrenergic receptor is a subtype of G-protein–coupled, 
presynaptic receptor through which catecholamines like 
norepinephrine and epinephrine signal in the central and 
peripheral nervous systems.

Arousal system (arousal pathways) is (are) a collec-
tion of nuclei located primarily in the brainstem and their 
ascending neuronal projections to the thalamus and cortex 
that is (are) responsible for creating the awake component 
of consciousness. Inactivation of these nuclei and/or their 
pathways is a mechanism for producing unconsciousness.
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Basal forebrain (BF) is an area of the cortex located in at 
the base of the frontal cortex that is a major source of excit-
atory cholinergic projections to the thalamus and cortex.

Cyclooxygenase (COX) is an important enzyme for 
biosynthesis of prostaglandins that promote inflammation 
and fever. COX-1 and COX-2 are 2 important types COX 
enzymes, the actions of which are inhibited by nonsteroidal 
anti-inflammatory drugs (NSAIDs).

Dorsal raphé is a brainstem area located in the central 
pons that sends primarily excitatory serotonergic projec-
tions to the cortex.

Frequency bands are electroencephalogram frequency 
ranges that have been established by convention. The com-
monly used   bands, characterized in cycles per second or 
Hertz (Hz), are as follows: slow-delta, 0.1–4 Hz; theta, 4–7 
Hz; alpha, 8–12 Hz; beta, 13–25 Hz; gamma, >25 Hz.

Galaninergic pathways are inhibitory pathways that 
project from the preoptic area of the hypothalamus onto 
nearly each one of the major arousal nuclei in the pons and 
midbrain. The neuropeptide galanin is the neurotransmitter 
in these pathways.

γ-amino butyric acid is the primary inhibitory neu-
rotransmitter in the central nervous system.

Laterodorsal tegmentum is a brainstem area located in 
the superior posterior region of the midbrain that is a major 
source of excitatory cholinergic projections to the thalamus 
and cortex.

Locus ceruleus is a brainstem area located in the cen-
tral pons that sends primarily noradrenergic projections to 
the cortex, central thalamus, BF, and the preoptic area of the 
hypothalamus.

Neutrophil priming is the process by which polymor-
phonuclear lymphocytes are activated, and as a conse-
quence, readily degranulate inducing amplification of an 
inflammatory response.

N-methyl-d-aspartate receptors are a pharmacologically 
identified subset of glutamate receptors and ion channel 
proteins that are primarily excitatory.

Nociception is the propagation through the sensory sys-
tem of potentially noxious and harmful chemical, mechanical, 
or thermal stimuli. The nociceptive system or pathways con-
sist of the nociceptors in the periphery and in the viscera, the 
ascending nociceptive pathways and the descending nocicep-
tive pathways. The ascending pathways transmit nociceptive 
stimuli from the periphery to the spinal cord to the brainstem 
(medulla and midbrain), the amygdala, the thalamus, and on 
to the primary and secondary sensory cortices. The brainstem 
descending component of the nociceptive pathway begins in 
the periaqueductal gray located in the midbrain, and projects 
through the rostral ventral medulla in the medulla to the spinal 
cord. The descending pathways are activated immediately by 
the nociceptive inputs from the ascending pathways and modu-
late (upregulate and downregulate) the nociceptive information.

Nociceptors are unspecialized bare nerve cell endings 
that initiate nociception or pain. Their cell bodies arise in 
the dorsal horn of the spinal cord and send one axonal pro-
cess to the periphery and the other to the spinal cord or 
brainstem through the spinothalamic tract.

NSAIDs are pharmacological agents that block specifi-
cally the COX-1 and COX-2 enzymes that play a major role 

in prostaglandin synthesis. Because prostaglandins are pri-
mary mediators of inflammation, NSAIDs are key agents 
for blocking inflammation and thereby reducing inflamma-
tion-induced nociception and pain.

Pain is the conscious perception of nociceptive information.
Parabrachial nucleus is a brainstem area located in the 

dorsolateral pons that surrounds the superior cerebellar 
peduncle as it enters the brainstem from the cerebellum. 
The parabrachial nucleus provides important glutamatergic 
projections to the central thalamus and the BF.

Pedunculopontine tegmentum is brainstem area located 
in the superior posterior region of the midbrain that is a 
major source of excitatory cholinergic projections to the 
thalamus and to the cortex.

Periaqueductal gray is the midbrain relay of the descend-
ing pathways for modulating nociceptive inputs into the 
central nervous system.

Pyramidal neurons are multipolar, commonly teardrop-
shaped excitatory neurons that are located primarily in the 
amygdala, the hippocampus, and the cortex.

Rostral ventral medulla is a brainstem area located in 
the upper ventral part of the medulla that relays descending 
modulation of nociceptive information from the periaque-
ductal gray to the spinal cord.

Rostral and caudal ventral lateral medulla are brainstem 
areas located respectively in the upper and lower ventral lat-
eral parts of the medulla. These areas relay sympathetic signals 
from the nucleus of the tractus solitarius—also in the medulla—
to the sympathetic ganglia in the thoracolumbar trucks.

Spindles are waxing and waning oscillations in the 9–15 
Hz range that are a defining feature of stage 2 nonrapid eye 
movement sleep. These oscillations are also observed in the 
EEG of patients receiving low-dose dexmedetomidine.

Striatum is a general term used to denote the putamen 
and caudate in the basal ganglia. It plays a critical role in 
motor control.

Thalamic reticular nucleus is a network of inhibitory 
neurons that surround the thalamus and modulate nearly 
all thalamic output, particularly to the cortex. 
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