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Ke y Points
by administration of a low dose of ketamine, an Nmethyld
aspartate (NMDA) receptor antagonist.

 6 The pharmacokinetic characteristics of a drug determine its 
behavior in the body of a patient. One important pharmacokinetic 
concept is that of contextsensitive halftime (CSt½). This is the 
time needed for the drug’s plasma concentration to decrease 
by 50% from a steadystate concentration. For most opioids, 
this value is dependent on the duration of drug infusion. For 
example, for fentanyl the CSt½ increases rapidly with the infusion 
duration. In contrast, the CSt½ of remifentanil is independent of 
the infusion duration due to its rapid elimination from plasma. 
Thus it remains stable at about 2 minutes.

 7 Opioid metabolism is affected by drugs that interfere with 
metabolizing cytochrome P450 enzymes, most importantly 
CYP3A4. Opioid metabolites can be active or inactive. Active 
metabolites need to be considered when treating patients. For 
example, the active metabolite of morphine, morphine6
glucuronide, can accumulate in patients with renal impairment. 
Genetic variability in the CYP system can have important 
clinical implications, especially in case of variations in the copies 
of a gene coding for the metabolizing enzyme. An example is 
the enzyme CYP2D6 which catalyzes the conversion of codeine 
into morphine. Patients with multiple copies of the CYP2D6 
gene and who receive codeine will have large plasma morphine 
concentrations with all related effects and side effects.

 8 Opioid effects are variable among patients. Dosing is optimum 
when opioids are titrated to the effect. It is also important to 
take into account the delay between the administration of an 
opioid and its effect, which is defined as the blood–effect-
site equilibration half-life or t½ke0. This will allow proper and 

 1 Opioids produce analgesia as well as serious side effects. All 
physicians who prescribe opioids for relief of acute or chronic 
pain need to know how to use these drugs safely. This requires 
an in-depth understanding of the pharmacokinetics and 
pharmacodynamics of opioids as well as the acquisition of 
sufficient clinical experience in their use.

 2 Opioids act through specific opioid receptors on neuronal 
tissues such as peripheral nerves and neurons in the spinal 
cord and brain. The most important receptors include the 
µ-opioid receptor (MOR), δ-opioid receptor (DOR), and κ-
opioid receptor (KOR). For anesthesia and pain relief, the MOR 
is most important. Opioids also act through non-neuronal 
pathways, such as those affecting the immune system, which 
may be of relevance in the treatment of inflammatory pain.

 3 Opioids can be classified according to the strength or potency 
based on the plasma concentrations at which they exert their 
effects (C50 or the plasma concentration causing a 50% effect). 
Strong opioids include fentanyl, sufentanil, and remifentanil. Weak 
opioids include codeine and tramadol. An intermediate group 
includes morphine, methadone, oxycodone, and buprenorphine.

 4 Endogenous opioid pathways are activated in cases of stress-
induced analgesia, placebo-induced analgesia, and conditioning 
pain modulation (CPM). CPM occurs when pain arising from 
one focus is decreased by application of a second painful stimulus.

 5 Opioid-induced hyperalgesia (OIH) is a paradoxical opioid 
effect whereby pain sensitivity increases during or following 
escalating opioid treatment. It is also observed postoperatively 
following the use of a remifentanil infusion during anesthesia. 
Greater and more frequent doses of morphine are required to 
treat postoperative pain. OIH may be treated and prevented 
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502 SECTION IV Anesthetic Agents, Adjuvants, and Drug Interaction

timely dosing particularly when anticipating a stressful event 
(laryngoscopy, intubation, skin incision, etc.) and administering 
opioids to prevent the occurrence of a large hemodynamic 
response to these stimuli. The t½ke0 of morphine is 1 to 2 hours! 
Thus it is important to give an initial bolus dose or morphine 30 
to 45 minutes before the end of surgery when using the drug for 
postoperative pain relief.

 9 Opioids reduce the requirement of inhalational anesthetics 
and propofol during anesthesia, which makes rapid awakening 
from anesthesia possible. Using known pharmacokinetic and 
pharmacodynamic data it can be determined what doses 
and plasma concentrations will permit the shortest time to 
awakening. For example, termination of drug infusions at 
plasma concentrations of propofol 1.5 µg/mL and remifentanil 
9.0 ng/mL will lead to patient awakening within 6.5 minutes.

 10 Administration of opioids can potentially lead to life
threatening respiratory depression. The incidence of serious 
perioperative respiratory events is approximately 0.5% (1 in 
every 200 patients). Respiratory problems from opioids are 
more common in special patient populations including patients 
with obstructive sleep apnea (OSA), premature neonates, and 
very old or very ill patients. Careful, slow, infusion of opioids 

allows the gradual accumulation of arterial CO2 which serves 
as a respiratory stimulant at the chemoreceptors and lowers the 
probability of apnea.

 11 The nonspecific opioid receptor antagonist, naloxone, is the drug 
of choice to reverse opioid-induced respiratory depression. The 
required dose of naloxone depends on the pharmacokinetic and 
pharmacodynamic properties and the dose of the opioid that 
needs reversal. Postoperatively, when there is persistent apnea, 
opioid concentrations are often just above the threshold for 
respiratory depression. Intravenous administration of naloxone 
using incremental doses of 40 to 80 µg, to a cumulative dose of 
less than 400 µg, may be sufficient for breathing to resume.

 12 Apart from respiratory depression, opioids cause a large number of 
side effects that require attention: Nausea with or without vomiting, 
smooth muscle spasms, skeletal muscle rigidity (fentanyl and 
congeners), histamine release (morphine, codeine, meperidine), 
itching (especially after spinal administration), miosis, sedation, 
and dizziness. The cardiovascular side effects of opioids include 
bradycardia and hypotension but are generally mild at usual 
clinical doses. However, when combined with anesthetics, even at 
usual clinical doses, or in severely ill patients, opioids may produce 
hemodynamic instability which requires treatment.

INTRODUCTION

Administration of large doses of opioids has traditionally been 
restricted to anesthesiologists and other anesthesia providers 
because of their extensive experience and expertise in the use 
of these potent analgesics during anesthesia. Recently, how-
ever, there has been an exponential increase in the prescrip-
tion of high-dose opioids by other healthcare providers for 
treatment of patients with chronic non-cancer pain (3% of 
adult US population).1 This “epidemic” of opioid use by non-
surgical patients, coupled with an emphasis on aggressive and 
effective postoperative pain management for patients under-
going surgery, has resulted in increasingly complex postop-
erative pain management problems for surgical patients and 
an increase in opioid-related complications for patients with 
pain in general.2,3 Consequently, expertise in the use of opi-
oids is not only required in the operating room and postop-
eratively, but also when caring for patients with chronic pain 
in a nonsurgical setting. Certainly, knowledge on the safe use 
of opioids is a conditio sine qua non for all anesthesiologists 
and other anesthesia providers. An in-depth knowledge of the 
pharmacokinetics (PK), the pharmacodynamics (PD), and the 
side effect profile associated with different opioids, dosing 
regimens, and routes of administration is essential for their 
safe intra- and postoperative use. This chapter will review the 
endogenous opioid system, discuss the PK and PD proper-
ties of opioids relevant to perioperative dosing strategies, and 
delineate the associated side effect profiles of exogenous opi-
oid analgesics.

Short history

Opium is among the oldest drugs in the world. Fossilized opium 
poppies have been found in Neanderthal excavation sites dating 
back to 30,000 bc. Many old civilizations, including the Sume-
rians, Egyptians, Greeks, Romans, and Chinese, used opium for 
nutritional, medicinal, euphoric, spiritual, and religious purposes. 
The first written reference to the medicinal use of the opium 
poppy is described in a Sumerian text dated near 4,000 bce. Just 
over 200 years ago, the German pharmacist and chemist Friedrich 
Sertürner isolated a stable alkaloid crystal from the opium sap and 
named it morphine after the Greek god of dreams, Morpheus.4,5 
Morphine was 10-fold more potent than opium and soon replaced 
it not only for the treatment of severe pain, but also for a myriad 
of other purposes such as cough and diarrhea. After the invention 
of the hypodermic syringe in the 1850s, the Englishman Alexander 
Wood was the first to inject morphine in a controlled fashion into 
a patient producing more than a day’s sleep (1853).6 The first 
reported casualty from morphine occurred shortly thereafter when 
Wood injected his wife with morphine resulting in a fatal overdose 
from respiratory depression.6 Morphine revolutionized the treat-
ment of the wounded in battlefield medicine, but euphoric and 
addictive properties led to the addiction of thousands of soldiers 
to morphine during the American Civil War.

The synthesis of heroin in 1874 was based on the empiri-
cal finding that boiling morphine with specific acids caused  
the replacement of the two morphine –OH groups by –OCOH3 
producing diamorphine or heroin (Fig. 19-1).

After the structure of morphine was determined in the 1920s, 
the synthesis of new morphine-like opioid compounds was based 
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on chemical principles rather than empirical discoveries. In 1937, 
meperidine (or pethidine) became the first synthetic opioid synthe-
sized on the basis of the central structure of morphine. Since then 
many synthetic and semisynthetic opioids have been produced, 
including the clinically important opioid antagonists naloxone and 
naltrexone, by replacing the N-methyl substituent in morphine 
with allyl and cyclopropylmethyl groups, respectively (Fig. 19-1).7

For clinical use during anesthesia the most important opioids 
are the piperidines fentanyl, sufentanil, alfentanil, and remifen-
tanil. These opioids produce potent analgesia and suppression 
of cardiovascular responses to noxious stimulation from surgery 
with predictable PK and PD. The latest potent opioid to be reg-
istered is tapentadol.8,9 This molecule acts via activation of the 
opioid receptors at spinal and supraspinal sites and by inhibi-
tion of the reuptake of norepinephrine, activating α2-adrenergic 
receptors in the spinal cord dorsal horn. This produces a syner-
gistic analgesic effect with a more desirable gastrointestinal (GI) 
side effect profile. The continued development of opioids with 
complex simultaneous actions at opioid and non-opioid target 
sites is facilitated by new information gained about mechanisms 
involved in endogenous pain and analgesia as well as advances in 
pain-related pharmacology. Development of new opioids is also 
driven by concerns that the side effect profile of potent opioids, 
which presents a serious risk to patients, needs to be minimized.

The Endogenous Opioid System

A major breakthrough in the understanding of opioid pharmacol-
ogy came from a series of discoveries of opioid receptors, endog-
enous opioid peptides, their encoding genes, and endogenous 
opioid alkaloids. The endogenous opioid system is composed of 
a family of structurally related endogenous peptides that act at a 
four-member opioid receptor family consisting of the µ-opioid 
receptor (MOR), κ-opioid receptor (KOR), δ-opioid receptor 
(DOR), and orphanin FQ/nociception (NOP) receptor.10,11 This 
opioid system is involved in a variety of regulatory functions 
including important roles in nociceptive, stress, emotional, and 
hedonic responses and modulation of thermoregulation, breath-
ing, neuroendocrine function, GI motility, and immune responses. 

Various subtypes of opioid receptors have also been identified, 
with different pharmacologic functions. For example, at least three 
MOR subtypes have been described: µ1 is predominantly involved 
in opioid analgesia, µ2 is involved in opioid-induced respiratory 
depression, and µ3 is involved in opioid-induced immune sup-
pression.12,13 Note, however, that the functional validation of most 
opioid receptor subtypes awaits the development of antagonists 
with sufficient selectivity to allow a clear differentiation by effect.

The endogenous opioid peptides include endorphins, enkeph-
alins, and dynorphins, each of which display different affinities 
for the µ-, κ-, and δ-opioid receptors.14 β-endorphins have a high 
affinity for the MOR, met- and leu-enkephalins for the KOR, and 
Dynorphin A for the DOR. The recently discovered nociceptin 
has been identified as a selective endogenous ligand of the NOP 
receptor,11,22 while endogenous morphine acts via the µ3-receptor 
located on immune cells, such as human monocytes.15

Opioids act not only through central and peripheral neuronal 
pathways, but also via non-neuronal mechanisms, such as actions 
on the immune system.16 Morphine and morphine-6-glucuronide 
(M6G), endogenously formed and stored in adrenal chromaffin cells 
and leukocytes, play an import role as modulators of non-neuronal 
responses in the immune system.17 Our considerations of endoge-
nous opioid systems, therefore, have expanded from an opioid pep-
tide system present in the central nervous system (CNS) and periph-
eral nervous system to include various peptide and non-peptide 
ligands in neuronal and non-neuronal cells throughout the body.

Opioid receptors are linked to G proteins in the cell mem-
brane and are hence members of the large G-protein–coupled 
receptor (GPCR) family.18 GPCRs mediate a cascade of down-
stream signaling pathways leading to (i) the inhibition of adenyl 
cyclase and decreased cyclic AMP, (ii) activation of Ca2+ and K+ 
channels, and (iii) activation of MAPK/ERK, PKC, and P13 K/
Akt.19 Interactions between opioid ligands and selective receptors 
have a number of important clinical effects. Morphine-induced 
analgesia and respiratory depression are both induced through 
activation of the MOR and subsequent activation of the adenylate 
cyclase/cyclic AMP pathway.20 Recently, opioid-induced activa-
tion of alternate cell signaling pathways through interactions with 
many (opioid and non-opioid) receptor types have been shown 
to affect the growth and distribution of cancer cells.19,21
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Opioid Receptor Knockout mice

In the last decade a variety of mice lacking the various opioid recep
tors (“knockout mice”) have been bred to understand the molecu
lar targets of exogenous opioids (Fig. 192).10 Inactivation of the 
µ, κ, and δopioid receptors, either separately or in combination, 
is not lethal. This suggests that the opioid receptor system is not 
crucial for development but is critical when experiencing stress or 
pain. For example, under conditions of fight or flight, recruitment 
of the endogenous opioid system will result in development of 
endogenous analgesia allowing the subject to respond to an acute 
body insult and consequently increases the chance of survival.

Studies indicate that morphine’s action at the MOR gene 
produces its clinical effects. Mice lacking the MOR gene do not 
experience morphine-induced analgesia, respiratory depression, 
reward and withdrawal, inhibition of GI transit, immunosup-
pression, or an increase in steroid hormones (Fig. 19-3).22–24 
Analgesic responses after administration of other opioids, such as 
morphine’s metabolite M6G, are also absent in MOR knockout 
mice.25 These observations suggest the MOR is the target for both 
the desired and undesired effects of opioid analgesics and con-
sequently designing a MOR activating drug that selectively pro-
duces desired effects such as analgesia, but not undesired effects 
such as life-threatening respiratory depression, is not possible.

FIgURE 19-2. µ-, δ-, and κ-opioid receptor (MOR, 
DOR, and KOR, respectively) distribution in the brain of 
MOR knockout mice. The MOR is reduced in heterozy-
gous MOR knockout mice and totally absent in homo-
zygous knockout mice, while the other two receptor 
types remain present in both genotypes. +/+, wild-type 
mice; +/–, heterozygous MOR knockout mice; –/–, homo-
zygous MOR knockout mice. Reprinted from: Matthes 
HWD, Maldonado R, Simonin F, et al. Loss of morphine-
induced analgesia, reward effect and withdrawal symp-
toms in mice lacking the µ-opioid receptor gene. Science. 
1996;383:819, with permission.

FIgURE 19-3. Effect of morphine in mice lacking the µ-opioid receptor (–/–, homozygous µ-opioid receptor knockout mice) 
and mice with intact receptors (+/+, wild-type mice) on analgesic responses [(A) tail flick test in two mice] and respiratory 
responses [(B) the hypercapnic ventilatory response (HCVR) in two mice]. Data adapted from: Romberg.
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Classification of Exogenous Opioids

Opioids may be classified on the basis of their synthesis, chemi-
cal structure, potency, receptor binding, and effect at the opioid 
receptors. According to their synthesis opioids are subdivided 
into natural (morphine), semisynthetic, and synthetic opioids. 
Natural opioid alkaloids are known as opiates, while the term opi-
oids is used for all opioids (endogenous opioid peptides, natural 
opioid alkaloids, semisynthetic opioids, and synthetic opioids).

Semisynthetic opioids are derived from the morphine mol-
ecule and include buprenorphine, codeine, etorphine, heroin, 
hydromorphone, oxycodone, and oxymorphone. The synthetic 
opioids comprise the piperidines (e.g., loperamide, meperidine, 
alfentanil, fentanyl, sufentanil, remifentanil) and the methadones 
(e.g., methadone, dextro-propoxyphene).

Opioid potency ranges from weak opioids such as codeine, 
dextro-propoxyphene, tramadol, and hydrocodone to strong 
opioids, which include etorphine, fentanyl, sufentanil, alfentanil, 
and remifentanil. Medium potency opioids include morphine, 
methadone, oxycodone, hydromorphone, and buprenorphine. 
Irrespective of the “strength” of these agents, all of these agents 
may potentially produce serious and potentially life-threatening 
side effects including sedation and respiratory depression, hypo-
tension, and bradycardia. During surgery strong opioids are used 
in high doses while in the postoperative phase medium strength 
opioids such as morphine or methadone are used for treatment 
of acute pain. In 1986, the World Health Organization designed a 
stepwise approach for treatment of chronic cancer pain in which 
weak opioids are prescribed before strong opioids (http://www.
who.int/cancer/palliative/painladder/en/).

Opioids may be full agonists which cause the maximum pos-
sible effect when activating their receptors. Opioid full agonists at 
the MOR include morphine, piperidines, and methadone. Opioid 
partial agonists activate their receptor but cause only a partial or 
reduced effect (Fig. 19-4). Buprenorphine acts as a partial agonist 
at the MOR while it is a full agonist at the NOP and DOR.26 In clini-
cal practice buprenorphine behaves as a full agonist with respect 
to pain relief yet its respiratory depressant effects are limited and 
display a “ceiling effect”.27 At the KOR buprenorphine acts as a 
competitive antagonist, which classifies this opioid also as a mixed 
agonist–antagonist. Naloxone and naltrexone are opioid antagonists.

A more practical classification of opioids is their subdivision 
into agents with a rapid onset and offset of action (e.g., remifen-
tanil and alfentanil) and agents with a slow onset/offset of action 
(e.g., morphine and buprenorphine). The concept of onset/offset 
of action will be discussed below.

Opioids Acting at Opioid and  
Non-opioid Receptors

Most opioid analgesics act at multiple receptor systems with 
different affinities. For example, morphine acts with high affin-
ity at the MOR and with lower affinities at the KOR and DOR. 
Various opioids including methadone, dextro-propoxyphene 
and ketobemidone are opioid analgesics and also antagonists at 
the N-methyl-d-aspartate (NMDA) receptor.28,29 Of all opioids, 
methadone is the most potent NMDA receptor antagonist, being 
6 to 18 times more potent than morphine in producing this effect. 
Antagonism of the NMDA receptor is clinically useful in reducing 
opioid tolerance and opioid-induced hyperalgesia (OIH) and in 
chronic pain states leading to pain hypersensitivity.30

Tramadol has both opioidergic and monoaminergic activity 
at dorsal horn spinal synapses of the nociceptive pathways.31 The 
analgesic effect of tramadol is due to enhancement of spinal inhi-
bition of 5-hydroxytryptamine (5HT) and norepinephrine reup-
take, causing the accumulation of 5HT and norepinephrine in the 
dorsal spinal horn.

The latest “novel” opioid recently registered worldwide is tap-
entadol, a potent analgesic with reduced GI and CNS side effects.8,9 
Tapentadol has a dual mechanism of action. It is active at the MOR 
at spinal and supraspinal sites and as a norepinephrine reuptake 
inhibitor (NRI) in the spinal cord. The combination of these two 
mechanisms has been designated as the MOR–NRI concept. The 
affinity of tapentadol for the MOR is 50-fold lower than that of 
morphine. However, due to synergy between the two mechanisms 
of action, tapentadol produces potent analgesia and is useful in the 
treatment of moderate to severe acute and chronic pain. Tapent-
adol differs from tramadol due to its lack of serotonergic effects 
resulting in a lower incidence of nausea and vomiting. Tapentad-
ol’s low affinity for the MOR may limit its undesirable side effects 
although its respiratory side effects have not yet been fully studied.

A B C

FIgURE 19-4. Sigmoid Emax relationships for (A) full opioid agonists with C50 = 1 and steepness parameter γ = 1 (blue line) and 
γ = 2 (red line), (B) full opioid agonist (blue line with Emax = 1) and a partial agonist (green line with Emax = 0.75), (C) the rightward 
shift (gray line) observed by adding a competitive antagonist (such as naloxone) on top of a full agonist (blue line) causing an 
increase in C50 and the downward shift of adding a noncompetitive antagonist (purple line) to the full agonist causing an effect 
similar to that observed in (B) (i.e., a partial agonistic effect).
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Finally, nonopioids may also act at opioid receptors. An 
important example is ketamine, which is an NMDA receptor 
antagonist with affinity for multiple receptor systems including 
the opioid receptors.32 Its anesthetic properties are related to its 
effect at the NMDA receptors while its analgesic effects are pre-
dominantly due to MOR activation.

OpIOID MECHANISMS

mechanisms of Opioid Analgesia

Whereas nociception is the reception of signals in the CNS that 
have been triggered by noxious stimulation, pain is the subjec-
tive perception of that noxious stimulation. Opioids modify both 
nociception and the perception of a noxious stimulus (emotional 
coloring of pain).

Different types of peripheral sensory nociceptors, often free 
nerve endings, are stimulated by tissue damage and the resulting 
pain information is transmitted to the spinal cord by two types of 
small diameter peripheral afferent fibers: Slow conducting, unmy-
elinated C-fibers (which cause a dull burning pain) and faster, 
thinly myelinated Aδ fibers (which cause sharp, pricking pain). 
Both types of primary afferent fibers enter the dorsal horn of the 
spinal cord and terminate in its superficial layers (lamina I–II). 
Projection neurons from these laminae give rise to the ascend-
ing pathways of the spinothalamic tract. Thalamic nuclei receive 
the nociceptive inputs and pass the information to key brain pain 
reception sites such as the periaqueductal gray (PAG), amygdala, 
and somatosensory cortex. Activation of the MORs extensively 
located in these higher brain centers stimulates analgesia by 
activating descending inhibitory pathways from the PAG and ros-
troventral medulla (RVM) that inhibit nociceptive dorsal horn 
neuron firing in the spinal cord.33,34 Opioids also exert actions in 
the cortex and limbic systems affecting cholinergic systems that 
lead to changes in arousal and pain perception.35

µ-opioid-induced analgesia and descending inhibitory 
pathways may be activated not only by exogenous opioids, 
but also by activation of endogenous opioid systems. Direct 
electrical stimulation of the PAG and RVM induces analgesia 
that may be reversed by opioid antagonists.36 The electrically 
stimulated sites overlap with the opioid receptor sites and with 
opioid-containing interneurons, linking together the actions 
of exogenously applied analgesic stimuli and endogenous opi-
oid systems. Three major examples of analgesia driven by the 
endogenous opioid system are (1) stress-induced analgesia37; 
(2) placebo-induced analgesia38; and (3) conditioning pain 
modulation (CPM).39

 1. Stress-induced analgesia. The endogenous opioid system is 
activated under stressful conditions, as demonstrated by 
the delayed onset of pain by soldiers wounded in battle.40 
The same higher brain centers bearing MORs are involved 
in the implementation of stress-induced analgesia.

 2. Placebo-induced analgesia. The endogenous opioid system 
also mediates placebo-induced analgesia, a reduction of pain 
resulting from an expectation of pain relief. Studies using 
fMRI and PET show activation of the endogenous opioid sys-
tems and MORs in the brains of subjects receiving placebo 
described as an analgesic.41–43 Placebo-induced analgesia may 
be used to enhance opioid-derived analgesia.

 3. CPM. Formerly known as diffuse noxious inhibitory control, 
it is a condition in which pain arising from a noxious stimu-
lus applied to one part of the body is decreased by application 

of a second remote noxious stimulus.39,44,45 CPM is caused by 
the activation of descending inhibitory pathways.

Opioids may also act at spinal sites to induce analgesia. In 
the superficial laminae of the dorsal horn, local neuronal circuits 
process both ascending and descending pain pathways and are 
regulated by local endogenous opioid circuits.

Peripheral Opioid Analgesia

Opioids are also involved in peripheral analgesia by acting directly 
on sensory neurons (Aδ and C-fibers) to inhibit pain signal trans-
mission. This is especially important in inflammatory pain. How-
ever, the immune system is also widely involved in peripheral 
analgesia.46 Opioid receptors are located not only on neurons, 
but on immune cells, such as human leukocytes.47 An insult to 
a peripheral tissue triggers the local release of many proinflam-
matory mediators that generate an inflammatory cascade, induce 
spontaneous nociceptor activity, and sensitize sensory neurons 
to induce spontaneous pain, allodynia (a non-painful stimulus is 
perceived as painful), and hyperalgesia (increased pain sensitiv-
ity). Early in the inflammatory process there is an influx of leuko-
cytes into the inflamed area and these cells are a major source of 
opioid peptides to inflamed sites. Opioid peptides released locally 
interact with the opioid neuronal receptors to induce analgesia 
(Fig. 19-5).48 The inflammatory process also stimulates further 
opioid receptor upregulation and thereby increases the antino-
ciceptive action of opioid peptides released by immune cells. In 
aggregate, the inflammatory process not only promotes inflam-
mation and its painful sequelae, but also initiates and sustains a 
counteracting analgesia driven by endogenous opioids.49

Opioid-induced hyperalgesia  
(OIh) and Tolerance

Opioids can induce the paradoxical effect of OIH or an increase 
in pain sensitivity.50 OIH may limit the analgesic effects of opi-
oids. During long-term and/or high-dose opioid treatment, rapid 
opioid dose escalation, or administration of an opioid with rapid 
onset/offset (e.g., remifentanil), a paradoxical increase in pain 
accompanies the treatment escalation.51,52 The MOR is not a pre-
requisite for OIH, as there is ample evidence from knockout mice 
studies (devoid of MOR) or studies in mice treated with naloxone 
or naltrexone that OIH develops in response to exposure to high-
dose opioids.53–55 There may be various mechanisms for OIH, 
including activation of the central glutaminergic system, central 
nitric oxide production, and facilitation of descending pronoci-
ceptive systems.

Postoperative patients who have received remifentanil infu-
sions intraoperatively can have a higher incidence of OIH and 
need greater doses of morphine for control of postoperative pain 
than patients receiving non-remifentanil–based anesthesia.51 
Although animal and human data indicate that all µ-opioids may 
cause OIH there seems to be a gradual difference in prevalence, 
with most observation of OIH following remifentanil treatment. 
This high incidence of OIH following remifentanil infusions 
may be related to its rapid offset of analgesia. In order to prevent 
severe pain responses following remifentanil-based anesthesia, 
administration of morphine (0.1 to 0.25 mg/kg) 45 to 60 min-
utes before the end of surgery is advisable, and adding a low-dose 
ketamine infusion may prevent the development of OIH (dose 
range: 10 to 30 mg/hr) due to ketamine’s NMDA antagonistic 
properties.52
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OIH is not the same phenomenon as opioid tolerance.50 Acute 
opioid tolerance due to tachyphylaxis requires increasing doses of 
the opioid to reach a specific analgesic end point during the ini-
tial hours of opioid treatment. Chronic tolerance, often seen in 
opioid abusers, occurs over days and manifests as a decreasing 
analgesic effect, resulting in dose escalation and increasing the 
likelihood of OIH. In contrast to OIH, opioid receptor–related 
and post-activation intracellular processes play an important role 
in the development of tolerance (including β-arrestin–dependent 
receptor desensitization and internalization, and G-receptor 
uncoupling).56,57 Finally, pseudo-tolerance is a phenomenon seen 
in chronic pain patients due to progression of disease with an 
increase in the level of nociception often due to destruction of 
nerves in the tumor region, resulting in neuropathic pain, which 
is poorly responsive to opioid dose escalation.

ROUTES OF ADMINISTRATION

The most important and predictable route of administration of 
opioids perioperatively is the intravenous route, since the amount 
of drug entering the systemic circulation is precisely known. 
Non-intravenous administration routes (e.g., oral, subcutaneous, 
transdermal, inhalational, sublingual, oral transmucosal, intrana-
sal, or rectal routes) are often more convenient for the patient 
although they come at the cost of more variable (and often slower) 
rates of absorption and bioavailability. Opioids given orally have 

bioavailabilities of 20% to 40% due to a rapid first-pass effect as a 
result of opioid metabolism in the liver.

Opioids given via epidural (e.g., patient-controlled epidural 
analgesia) and intrathecal routes need to diffuse into the sur-
rounding nerve tissue and spinal cord to activate MORs. More 
lipophilic opioids (fentanyl, sufentanil) will penetrate faster and 
achieve higher concentrations into the spinal cord than hydro-
philic opioids such as morphine and meperidine, yet they are also 
cleared from the spinal fluid more rapidly.58 Thus the lipophilic 
opioids may cause an early-onset respiratory depression whereas 
morphine tends to cause late ventilatory depression due to its 
slow clearance from the spinal fluid. After the epidural adminis-
tration of opioids, lipophilic drugs are rapidly absorbed into the 
systemic circulation resulting in plasma concentrations similar 
to those observed after low-dose intravenous injections.58 The 
clinical effects of lipophilic opioids given epidurally are due to 
systemic, spinal, and supraspinal sites of action. It is important to 
note that epidurally administered opioids may exacerbate the risk 
of serious respiratory depression when coadministered with other 
parenteral opioids.

Intramuscular injections of opioids for treatment of postop-
erative pain should be avoided as there are superior alternatives 
such as the intravenous administration of opioids using patient-
controlled analgesia (PCA) devices. Compared to IM injections 
intravenous PCA is associated with lower pain scores and greater 
patient satisfaction. PCA also does not require frequent painful 
injections. Under specific and exceptional circumstances, nurse-
administered interval IM analgesia is acceptable, such as when the 

FIgURE 19-5. Schematic diagram 
illustrating the role of opioids in an-
algesia of peripheral inflammation. 
Opioid-containing leukocytes are at-
tracted to inlamed tissue by various 
chemokines and cytokines. Specific 
upregulated protein facilitates leuko-
cyte migration through the vascular 
endothelium. In the inflamed tissue 
leukocytes interact with releasing 
agents such as corticotropin-releasing 
factor (CRF), interleukin-1 (IL-1), and 
norepinephrine (NA) derived from 
postganglionic sympathetic neurons, 
to secrete opioid peptides. These 
bind to peripheral opioid receptors, 
synthesized in the dorsal root ganglia 
and transported to peripheral endings 
of sensory neurons, to mediate anal-
gesia. AR, adrenergic receptor; CRFR, 
corticotropin-releasing factor receptor;  
PECAM-1, platelet endothelial adhe-
sion molecule 1; Icam-1, intracellular 
adhesion molecule 1; CXCR2, chemo-
kine (C-X-C motif) receptor 2; CXCL1, 
chemokine (C-X-C motif) ligand 1; 
CXCL2/3, chemokine (C-X-C motif) 
ligand 1/2.
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patient is unable to use the PCA device (mentally or physically 
incapacitated patients) or in case of fear of PCA by proxy.59 The 
latter is the case when family members press the PCA button.

pHARMACOKINETICS (pK) AND 

pHARMACODYNAMICS (pD)

When injected intravenously opioids are rapidly transported to 
the heart and pulmonary vessels from where they are dispersed 
to the various organs and tissues. After a standard dose of opi
oid, the interpatient variability of effect is large and related to 
various factors including weightrelated parameters (lean and 
fat body mass), organ function (hepatic and renal function), and 
cardiac output. This variability is manifest in the distribution 
and elimination constants that describe the PK profile of these 
drugs, which is also related to their physicochemical properties, 
such as molecule size, pKa (affects the degree of ionization of the 
molecule and depends on the plasma pH), protein binding (to 
albumin and α1-acid glycoprotein), and lipid solubility. These 
factors affect the passage of the drug into the brain across the 
blood–brain barrier and hence affect both the opioid’s PK and 
PD characteristics. For example, a small increase in pH seen with 
respiratory alkalosis will increase the non-ionized form of mor-
phine, fentanyl, sufentanil, and remifentanil, which subsequently 
crosses the blood–brain barrier. Different drugs may also affect 
the blood–brain barrier active transport systems that eliminate 
opioids from the brain. For example, cyclosporine enhances mor-
phine’s analgesic effect but not that of methadone, suggesting that 
cyclosporine selectively interferes with morphine’s efflux from 
the brain via specific transporter proteins.

When an opioid is injected into the venous system, there is an 
initial rapid peak in plasma concentration. Next, the drug rapidly 
enters multiple organ systems with high blood flow (such as the 
brain, liver, kidney) from which the plasma drug concentration 
rapidly drops followed by a slower drop due to redistribution to 
organs (such as the muscles and later tissues with high fat con-
tent) that are less well perfused. These concentration changes 
over time can be described by non-compartmental and compart-
mental PK models. Non-compartmental analysis describes the 
drug’s PK behavior in terms of volume of distribution (VD = drug 
dose/steady-state plasma drug concentration), rapid and slow 
distribution half-lives, and elimination half-life (t½elim). A high 
VD is observed for lipophilic opioids with low protein-binding 
affinity such as fentanyl (VD = 300 L) but a low VD is observed 
for remifentanil and alfentanil, due to a high clearance (remifen-
tanil) and/or high protein binding. When VD is small, clearance 
is responsible for the drop in plasma concentration and conse-
quently the loss of analgesia, whereas redistribution accounts for 
loss of analgesic effect in drugs with a high VD.

The time needed for the drug’s plasma concentration to 
decrease by 50%, from a steady-state plasma concentration after 
the drug infusion has stopped, is called the context-sensitive half-
time (CSt½) (Fig. 19-6).60,61 The CSt½ depends on the duration 
of the infusion, which is the context to which the term applies. 
For fentanyl, the context-sensitive half-time increases with the 
duration of the infusion, while for remifentanil the half-time 
is independent of the duration because of its rapid clearance 
(50% drop in plasma concentration is 2 minutes, 75% drop is  
8 minutes).61 In clinical practice, the time to the loss of analgesia 
depends on the opioid dose, neuronal and receptor kinetic pro-
cesses, the transport of the opioids from brain to plasma, and the 
context-sensitive half-time. The time course of a specific effect is 

FIgURE 19-6. Context-sensitive half-times for remifentanil, fentanyl, and morphine. Left: Time to 50% drop in concentration 
versus infusion duration. Right: Time to 75% drop in concentration versus infusion duration.
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difficult to predict for individual patients. For some side effects 
such as opioid-induced respiratory depression, the prediction of 
onset or offset of effect is even more complicated due to counter-
acting forces, such as the respiratory stimulant effects of increased 
arterial CO2 and the presence of pain.62

metabolism: Which Pathways and 
metabolites are Clinically Relevant?

Most opioids are metabolized in the liver through either phase I 
(oxidative and reductive reactions catalyzed by the cytochrome 
P450 enzyme system) or phase II reactions (conjugation to a spe-
cific substrate). Metabolism may occur at other sites as well, such 
as in the enterocytes of the gastric tract, the kidney, or the brain. 
Excretion of the parent drug and/or metabolites occurs via the 
kidney and/or via the biliary tract into the gut where some opi-
oids (morphine, buprenorphine) may undergo reuptake of the 
compound into the blood stream.

Three aspects of opioid metabolism have clinical importance:

 1. Medications that inhibit or induce the CYP450 system may 
increase or decrease the clinical effect of opioids by interfer-
ing with their metabolism (Table 19-1).63,64

 2. Opioid metabolites may either be active or inactive, which 
applies not only to their analgesic effect but also to their 
unwanted side effects.65,66

 3. Genetic variability in the CYP system has clinical implications 
that are discussed in the section on Pharmacogenetics.

morphine

Morphine undergoes rapid metabolism (by UGT2B7, a phase II 
reaction) in the liver and within minutes after its administra-
tion the two most important hydrophilic metabolites appear in 
plasma: Morphine-3-glucuronide (M3G) and M6G.64–66 M3G is 
the major metabolite and about 60% of morphine is converted 
into M3G, while just 5% to 10% is converted to M6G. In humans 
M3G is without any analgesic or anti-analgesic action. M6G is a 
full MOR agonist but at the concentrations observed following 
morphine administration in a patient with normal renal func-
tion its contribution to the overall analgesic effect is minimal.67 
Due to its low lipophilicity, passage of M6G across the blood–

brain barrier is slow and consequently limited. In the hepatocytes 
both M3G and M6G are transported back into the bloodstream 
while a small part is transported into the bile ducts.68 In the gut 
both glucuronides are deglucuronidated and the resultant mor-
phine molecule is partly absorbed by the enterocytes (Fig. 19-7). 
Enterocytes are able to metabolize morphine and transport the 
resultant M3G and M6G to the bloodstream (the enterohepatic 
cycle).

Since the morphine-glucuronides are excreted via the kid-
ney, patients with renal failure are at risk for M6G-related side 
effects.67 Since M6G is a full MOR agonist these side effects are 
typical of opioids and, most importantly, include sedation and 
respiratory depression. In patients with compromised renal func-
tion morphine treatment causes M6G to accumulate in high 
concentrations that may cause loss of consciousness and severe 
respiratory depression.67,69 Attempts to market M6G as a potent 
opioid analgesic have failed, likely due to its slow onset/offset 
time (t½ke0 4 to 6 hours) and low potency in humans.

Piperidines

Fentanyl, alfentanil, sufentanil, and remifentanil are lipophilic 
opioids that rapidly cross the blood–brain barrier. Fentanyl, 
alfentanil, and sufentanil are metabolized by the liver, catalyzed 
by the cytochrome P450 enzyme system.64,70,71 Fentanyl has a 
high hepatic extraction ratio with clearance approaching liver 
blood flow (1.5 L/min). The major metabolite of fentanyl is 
the inactive compound norfentanyl. Sufentanil also has a high 
hepatic extraction ratio with a clearance of 0.9 L/min. Alfent-
anil is metabolized by CYP3A4 and 3A5 forming the inactive 
compounds noralfentanil and N-phenylpropionamide. The 
polymorphic expression of the CYP3A5 gene accounts for the 
great variability in alfentanil metabolism and clearance.72 Remi-
fentanil contrasts with the other piperidines in that it is not 
metabolized in the liver.73 Remifentanil contains a methyl ester 
side chain (Fig. 19-1) that is metabolized by blood (within the 
erythrocyte) and tissue nonspecific esterases. This causes a rapid 
clearance of the drug (context sensitive half-life of 2 minutes) 
making it the most rapidly acting opioid currently available. 
Clearance of remifentanil is 3 to 5 L/min, which exceeds liver 
blood flow affirming its extrahepatic clearance. Remifentanil is 
usually administered as a continuous infusion since its plasma 
level decreases by 50% in as little as 40 seconds.74–76

TAbLE 19-1. inhibitors and induCers of CyP3a and inhibitors of CyP2d6 

CYP3A Inhibitors CYP3A Inducers CYP2D6 Inhibitors

antibiotics
Erythromycin, clarithromycin

Calcium-channel blockers
Diltiazem, verapamil

anti-hiv agents
Delavirdine, indinavir, ritonavir, saquinavir

antifungal agents
Itraconazole, ketoconazole

others
Grapefruit juice

antibiotics
Rifampicin

anticonvulsants
Carbamazepine, phenytoin, phenobarbital

anti-hiv agents
Efavirenz, nevirapine

others
St. John’s wort
Dexamethasone

antidepressants
Clomipramine, fluoxetine, paroxetine

antipsychotics
Haloperidol

antidysrhythmics
Quinidine

others
Cimetidine

Data from: Wilkinson GR. Drug metabolism and variability among patients in drug response. N Engl J Med. 2005;352:2211.
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FIgURE 19-7. Morphine metabolism in the liver and 
transport of its metabolites into the bloodstream and 
bile system. Morphine enters the hepatocyte where it 
undergoes metabolism by UGT2B7 (a phase II reaction) 
into morphine-3-glucuronide (M3G) and morphine-6-
glucuronide (M6G, not shown). These two glucuro-
nides are transported via transporter proteins MRP3 
(yellow) and MRP2 (green) back into the systemic circu-
lation and into the biliary duct system.

methadone

Methadone is extensively metabolized to an inactive form by 
CYP2B6, which is also affected by pharmacogenetic variability.77,78 
Methadone has a 60% to 95% bioavailability, high potency, and a 
long duration of action. Furthermore, there is considerable varia
tion among recipients in the response to the drug. While metha
done has properties which make it attractive for use intravenously 
as a perioperative analgesic, in a controlled and wellmonitored 
environment, these same properties may prove hazardous when 
methadone is administered orally for treatment of patients with 
chronic pain. Large numbers of patient deaths have been attrib
uted to the long, and often unpredictable, duration of action of 
methadone when administered orally.

Naloxone

Naloxone is the most valuable and popular nonspecific MOR antag-
onist.79 Since it has a low and unpredictable bioavailability after oral 
intake due to an extensive (>95%) first-pass effect, naloxone is best 
given via the intravenous route.79 The most important metabolic 
pathway of naloxone is glucuronidation into the inactive naloxone-
3-glucuronide. Its duration of effect is short, ranging from 15 to 
45 minutes, which requires it to be redosed or administered as a 
continuous infusion when antagonism is required for long-acting 
opioids or for patients experiencing an opioid overdose.

PKPD models of Opioid Effect: Which  
End Point Serves the Clinician Best?

The PK of a drug describes the time course of dose to concen-
tration; the PD describes the concentration to effect relationship;  
the effect can be any of the desired or undesired drug effects. 
Pharmacokinetic–pharmacodynamic (PKPD) models are con-
structed for each drug to allow the clinician to understand and 
predict the clinical implication of a given dose to a desired effect.80 
These models allow dosing regimens to be constructed on the 

basis of patient characteristics such as total or lean body weight, 
gender, age, and other characteristics, making them particularly 
helpful when treating individual patients. The PK part of such 
models describes the drug distribution kinetics. This relates to 
both the parent drug and the possible metabolites. In compart-
mental models, the concentration–time profiles are described 
by drug transfer between interconnected hypothetical compart-
ments, mimicking drug absorption, distribution, elimination, 
and metabolism. The PD part of the model describes the drug 
concentration–effect relationship. This hypothetical effect com-
partment is made infinitely small so that it does not influence the 
drug’s disposition (PK) and is located at the drug’s target organ, 
such as the muscle endplate for muscle relaxants and the brain for 
hypnotic drugs. For most opioid effects (such as analgesia, seda-
tion, and respiratory depression) the effect site is located within 
the CNS while the effect site for constipation is the GI tract. The 
delay between the peak drug concentration in the plasma and the 
peak concentration at the effect site is described by the plasma–
effect-site equilibration constant ke0 (or its half-life t½ke0 = ln 
2/ke0),81–83 which is commonly referred to as hysteresis. For the 
analgesic and respiratory depressive effects of opioids, the hyster-
esis is determined by the drug’s passage across the blood–brain 
barrier (the more lipophilic an opioid, the faster the transfer into 
the brain compartment), receptor kinetics, and neuronal dynam-
ics. The effect-site concentration–effect relationship is described 
by a sigmoid Emax model80–84: Effect = (CE/C50)

γ/[1 + (CE/C50)
γ], 

where CE is the drug concentration in the hypothetical effect site, 
C50 is the measure of drug potency or the effect-site or steady-
state concentration causing 50% of the effect, and γ is the Hill or 
steepness parameter (Fig. 19-4). In summary, any PKPD analysis 
using the above-mentioned descriptions yields PK parameters 
(volumes of distribution and clearances), as well PD parameters 
related to drug potency (C50) and the onset/offset times of the 
drug (t½ke0). It is important to understand that PK (volumes 
of distribution and rate constant) and PD (potency) values vary 
largely among patients. This is related to differences in physiol-
ogy, underlying disease, age, weight, ethnicity, and other factors. 
Thus the clinician should choose a PK/PD set derived from a 
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population of subjects whose characteristics are most similar to 
the individual they are treating. For example, due to changes in PK 
and PD behavior, elderly patients display a greater opioid sensitiv
ity85; patients with liver or renal insufficiency require adaptation to 
their dosing; and patients with certain genetic abnormalities may 
experience unusual responses to opioids (see later).63,64

For most opioids, the target effect when constructing PKPD 
models has traditionally been the slowing of the frequency com-
ponents of the EEG, quantified by a shift in the 95th percentile of 
the power spectrum (95% spectral edge frequency).86,87 The C50 
and t½ke0 derived from these studies are useful to compare the 
potency and onset/offset of opioids. However, since the C50 for 
EEG effects occurs beyond the normal clinical dose range of opi-
oids, more clinically useful C50 values would include those for the 
analgesic, respiratory depressive, and sedative effect of opioids. 
For alfentanil and fentanyl C50 values range from 75 and 1 ng/mL 
for sedation to 150 and 2 ng/mL for analgesia, respectively.88,89 
This indicates that these clinically relevant effects occur at lower 
doses than their effects on the EEG. For fentanyl it is of further 
interest that t½ke0 values for analgesia (20 to 40 minutes) and 
respiratory depression are much longer (15 minutes) than those 
observed for EEG-slowing (5 to 6 minutes). In Table 19-2 values 
of t½ke0 for the end points of pain relief and respiratory depres-
sion are given for various analgesics currently in use.

Pharmacodynamics: Dose  
Effect on Pain Relief

In postoperative patients following major orthopedic surgery 
under general anesthesia, it has been observed that some patients 
require a morphine dose of 0.02 mg/kg to obtain a visual ana-
logue score of 30 mm or less while others require a dose 40 times 
as large (0.8 mg/kg).90 Younger (<40 years) healthy volunteers 
of normal weight (BMI <25 kg/m2) had analgesic responses to a 
fixed dose of morphine that varied by a factor of 20 (Fig. 19-8).91 

This variability is not restricted to morphine but is observed for 
all opioids used for treatment of acute, perioperative, and chronic 
pain, including strong opioids such as fentanyl and remifentanil. 
These data suggest that the variability in opioid effect is related 
to both variability in PK-related parameters (which in turn are 

TAbLE 19-2.  estimates of the t½ke0 for a variety of analgesiCs 

determined for CliniCally relevant end Points  

of Pain relief and resPiratory dePression

Drug t½ke0 End Point Measured

Morphine 1.5 h Postoperative analgesia

Ibuprofen 0.5 h Postoperative analgesia

Acetaminophen 1 h Postoperative analgesia

Morphine men 1.5 h Relief of experimental pain

Morphine women 5 h Relief of experimental pain

Fentanyl 20–40 min Relief of experimental pain

Alfentanil 1–10 min Relief of experimental pain

Remifentanil 1–1.5 min Relief of experimental pain

Buprenorphine 2.5 h Relief of experimental pain

S-ketamine <1 min Relief of experimental pain

Morphine 1.2 h Respiratory depression

Buprenorphine 1.5 h Respiratory depression

Fentanyl 15 min Respiratory depression

Remifentanil 0.5 min Respiratory depression

Naloxone 5–8 min Relief of respiratory depression

Data from: Martini C, et al. Pharmacokinetic-pharmacodynamic modeling in acute and chronic pain: An overview of the recent 
literature. Exp Rev Pharmacother 2011;4:719.

FIgURE 19-8. The variability observed in morphine analgesic effect. 
An intravenous infusion of 0.13 mg/kg was given to 10 healthy male 
(green lines) and female (red lines) volunteers. Their pain tolerance to 
a transcutaneous electrical stimulation (y-axis) was measured over a 
7-hour period. The variability in magnitude of peak analgesia and time 
to peak effect are made visible by the vertical and horizontal arrowed 
lines. The black bar indicates the 1-hour morphine infusion. Data 
adapted from: Sarton E, Olofsen E, Romberg R, et al. Sex differences 
in morphine analgesia: An experimental study in healthy volunteers. 
Anesthesiology. 2000;93:1245.
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FIgURE 19-9. A: Pharmacokinet-
ics of fentanyl following a 240 µg 
infusion given over 30 minutes  
(yellow bar). B: Pharmacokinetics of 
a single bolus of 20 mg morphine. 
The continuous line is the plasma 
concentration, the broken line the 
concentration in the effect site (the 
brain). The value for t½ke0 of fen-
tanyl here is 20 minutes and that of 
morphine 1 hour. These are the val-
ues observed for analgesia.

attributable to differences in age, weight, body fat and muscle 
content, renal/liver function, cardiac output, genetic polymor
phism in metabolic pathways, comedication) and variability in 
PDrelated parameters. These PD differences of opioid sensitivity 
and pain perception most likely have a genetic origin. To date, 
no clear genetic basis for variability in morphine or any other 
opioid PD effect has been demonstrated (for an exception see 
the section on Pharmacogenetics). These data indicate that the 
safest approach to opioid analgesia is one of careful titration to 
analgesic effect during surgery and in the postoperative period, 
with acute awareness of the undesirable doserelated side effects. 
This admonition to carefully titrate the administration of opioids  
is perhaps even more crucial when administering longacting  
opioids orally for the treatment of chronic pain.

During surgery opioids are titrated in doses sufficient to 
dampen and prevent exaggerated hemodynamic responses to 
painful surgical stimuli. In the postoperative period (and in 
chronic pain patients) opioids are usually titrated in response 
to the patient’s verbal response to pain. This requires not only 
a difference in administration approach but also requires a dif-
ference in vigilance with respect to opioid side effects. During 
surgery, potent high-dose piperidines (e.g., fentanyl, remifen-
tanil) are the opioids of choice, while in the postoperative period 
medium strength opioids (morphine, methadone) are often 
chosen. During anesthesia one should be aware of hypoten-
sion and bradycardia, a common side effect of strong opioids, 
while in the postoperative period most important side effects to 
be avoided are respiratory depression and severe sedation, while 
other nonlife-threatening but important side effects in terms of 
patient satisfaction and health costs are nausea/vomiting and loss 
of bowel movement.

morphine

In two studies on the postoperative effects of morphine following 
major surgery, the average iv dose of morphine to reach 50% pain 
relief was 20 mg resulting in a plasma concentration of 34 ng/mL  
and a t½ke0 of about 2 hours (Fig. 19-9), although the initial 
onset of analgesia occurred between 15 and 30 minutes.92,93 This 
means that there is a lag of hours between peak plasma morphine 
concentration and peak analgesic effect (i.e., hysteresis). Surpris-
ingly, these parameters are not influenced by the patients’ age, 
weight, and gender. Similar parameter values are observed in 

volunteers when studying the subject’s response to an electrical 
cutaneous stimulus.84,91 Given the long time to peak analgesia 
a practical strategy for dosing morphine in adults is to give an 
initial morphine bolus dose 20 to 45 minutes before the end of 
surgery followed by 2 mg bolus doses postoperatively until visual 
analog pain scores decrease to 3 or less (on a scale from 0 to 10) 
(Fig. 19-10).84 At that point, the patient can be started on a PCA 
pump. Two considerations must accompany every postoperative 
acute pain plan. First, the postoperative analgesic regimen should 
be multimodal with morphine (or any other opioid) combined 
with opioid-sparing drugs such as acetaminophen and nonste-
roidal antiinflammatory drugs such as diclofenac. Second, some 
patients require large doses of morphine and their pain appears 
unresponsive to morphine. Often it is not clear whether these 
patients are opioid tolerant or OIH accounts for their lack of 
pain relief. It is then wise not to continue dosing but to add an 
adjuvant such as one or two iv administrations of the NMDA 
receptor antagonist, ketamine (0.125 mg/kg) or an iv dose of an  
α2-adrenergic receptor agonist, such as clonidine (75 µg). Both 
drugs are analgesics in their own right and enhance morphine’s 
analgesic effect,94,95 presumably by reducing OIH. A practical 
morphine PCA regimen may consist of a 1 mg dose, and 5-minute 
lockout with a maximum of 24 mg per 4 hours. It is important 
to follow the patient’s pain assessment when titrating to effect, 
as nurses and physicians usually rate the pain 1 to 2 points lower 
than the patient (Fig. 19-11).

Other suitable opioids for postoperative pain relief are metha-
done, oxycodone, or piritramide.

Fentanyl

Fentanyl is about 100 times more potent than morphine. Like all 
opioids the analgesic response to iv fentanyl is highly variable. 
Fentanyl’s lipophilic structure means it rapidly crosses the blood–
brain barrier as is evident from a characteristic delta wave appear-
ing on the EEG (t½ke0 6.5 minutes).86,87 However, fentanyl’s 
t½ke0 for analgesic effect is longer with values ranging between 
10 and 20 minutes (Figs. 19-9 and 19-12)88; fentanyl’s potency 
(C50) for analgesia ranges from 1 to 2 ng/mL.88 Fentanyl is used 
during anesthesia to dampen cardiovascular responses to nox-
ious stimulation from laryngoscopy, intubation, skin incision, 
and surgical stress.96,97 On average, the requirements for inhala-
tional anesthetics and propofol are reduced by about 50% when  
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FIgURE 19-11. Comparison of mean pain scores during PCA mor-
phine obtained from 30 patients and the nursing staff following major 
abdominal surgery (Dr. A. Dahan (2010), data on file).
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FIgURE 19-10. Simulated effect of multiple 
bolus doses of fentanyl (100 to 150 µg) during 
anesthesia and morphine during and following 
anesthesia, on the analgesic and hemodynamic 
state of the patient. An initial dose of morphine 
(12 mg) is given 30 minutes before the end of sur-
gery followed by three 2 mg doses (at the end of 
this titration phase the patient can be set on PCA 
morphine). The blue and red lines are the simu-
lated fentanyl and morphine plasma concentration 
(CP). On top is the effect profile induced by the 
two opioids. During anesthesia fentanyl dosing is 
based predominantly on hemodynamic and other 
autonomic parameters; in the PACU morphine 
dosing is based on pain rating. During anesthesia, 
the combination of fentanyl and propofol provides 
greater analgesia than just the opioids (orange 
line). When propofol infusion is terminated the an-
algesic profile reverts to a lower level (from orange 
via orange-green to green line). HD= indicates that 
hemodynamic and other autonomic responses are 
in the normal range, HD++ indicates increased re-
sponses (such as high blood pressure, tachycardia, 
and sweating) due to the surgical stress; PAIN= in-
dicates adequate analgesia, PAIN++ indicates pain. 
The dotted lines are the arbitrary divisions between 
adequate anesthesia and inadequate anesthesia, 
and adequate analgesia and inadequate analgesia.

administering 1.5 to 3 µg/kg iv fentanyl.97–99 In fact, by combining 
fentanyl (or any other potent opioid) with propofol the require
ment of both drugs to prevent movement and hemodynamic 
responses to laryngoscopy and surgical stress is reduced (Fig. 
1910).97 Fentanyl dosing should be repeated at regular intervals 
in order to maintain a comfortable analgesic state (the dose and 
frequency are dependent on the patient’s weight, dose, type of 
surgery, etc.). Be aware that a continuous infusion leads to the 
accumulation of the drug in the body as its 50% contextsensitive 
halftime increases rapidly with the duration of infusion (Fig. 
196).60 Similarly, frequent dosing of the drug may cause accu
mulation. Taking into account the drug’s t½ke0 fentanyl should 
be administered 5 to 10 minutes prior to an anticipated painful/
stressful event such as laryngoscopy or skin incision (Fig. 1910).

In the 1980s, highdose fentanyl was often used in combina
tion with nitrous oxide to provide both analgesia and suppression 
of consciousness. Although this provided excellent hemodynamic 
stability, it could not assure amnesia. Hence it is not surprising 
that this technique has been replaced by the technique of “bal
anced anesthesia” or total intravenous anesthesia (TIVA) where 
opioids are combined with sedatives, iv anesthetics, and muscle 
relaxants to assure amnesia, as well as analgesia.

Fentanyl is also used in the treatment of chronic pain. For 
example, the fentanyl patch is used in a large number of cancer 
and noncancer chronic pain patients.100 The transcutaneous 



514 SECTION IV Anesthetic Agents, Adjuvants, and Drug Interaction

delivery of fentanyl ranges from 12 to 100 µg/hour, although 
absorption depends on a variety of factors such as skin thick
ness, subcutaneous fat layer, and subcutaneous perfusion. Peak 
analgesic effect is reached only after 10 to 12 hours and the effect 
of one patch lasts 3 to 4 days. Other methods of administration 
include intranasal fentanyl, sublingual fentanyl, fentanyl lozenges 
(a solid preparation in the form of a popsicle), mucosal patch (all 
four are used for treatment of breakthrough pain) and iontopho
retic transdermal fentanyl applications. The home use of fentanyl  
in chronic pain patients comes with the danger of misuse and abuse 
by the patients or by family members or friends. This is a major con
cern as it leads to an increasing number of opioid fatalities.101,102

Remifentanil

Remifentanil, the newest piperidine available for use in humans, 
differs from the other strong opioids in its rapid onset/offset for 
all clinical effects including respiration (Fig. 1913).62 Indications 
for its use include anesthesia/surgery, patient controlled analgesia 
(PCA), analgesia and sedation in the ICU, diagnostic procedures, 
and the treatment of obstetric labor pain. The use of remifentanil 
in spontaneous breathing patients at relatively low infusion rates 
(<0.1 to 0.2 µg/kg/min) is feasible,62,103 but requires adequate 
monitoring and skilled personnel to detect and overcome any 
possible respiratory event.

Remifentanil is 100 to 200 times more potent than morphine. 
Just like other opioids, remifentanil displays large variability in 
effect among patients. For example, Drover and Lemmens showed 
that the remifentanil plasma concentration causing a 50% prob
ability (CP50) of no clinical response to stimulation (laryngoscopy, 
intubation, skin incision, and skin closures) varies 50fold, from 
1.5 to 79 ng/mL, during abdominal surgery in patients anesthe
tized with a nitrous oxide and remifentanil combination.104 In 
that study, a clear gender difference in potency of remifentanil 
was found (CP50 men 4.1 ng/mL, women 7.5 ng/mL). This differ
ence can be accounted for by the difference in surgical stimulation 
of the prostatectomies versus hysterectomies. Different surgeries 
produce differences in nociception (i.e., pain) and hemodynamic 
stress responses and hence require different dosages to suppress 
pain and stress. The CP50 varied from 3.8 ng/mL for prostatecto
mies, 5.6 ng/mL for nephrectomies, and 7.5 ng/mL for abdominal 
hysterectomies. Like fentanyl, remifentanil causes a reduction of 
MAC and reduction in propofol requirement. Mertens et al.105 
showed that by increasing the remifentanil concentration from  
0 to 2 ng/mL the mean propofol concentration required to obtain 
CP50 for laryngoscopy was reduced from 7 to 3 µg/mL, more than 

FIgURE 19-12. The delay in effect between peak 
fentanyl plasma concentration (red line, right y-axis) 
and peak analgesic response (left y-axis) as observed 
in one person following a bolus intravenous infusion of 
3.25 µg/kg given at t = 0 minutes. The delays are given 
for the pain rating to a fixed heat stimulus to the skin 
(blue line and x’s) and the tolerance responses to an 
electrical stimulus train (green line and o’s). The delay 
for heat pain was 25 minutes (green arrows), the de-
lay for electrical pain 40 minutes (blue arrows). These 
delays are much greater than that observed for EEG 
effects. The differences in delays may be explained by 
difference in processing of the different end points in 
the brain.
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FIgURE 19-13. Effect of a short remifentanil infusion on breath-
ing. Note the absence of a delay between the remifentanil plasma 
concentration and ventilation, and the short delay between the 
plasma concentration and the end-tidal PCO2. Top: The increase in 
end-tidal PCO2 (∆PCO2, green line), the measured inspired venti-
lation (gray dots, each dot is one breath). Bottom: The measured 
remifentanil plasma concentration (red dots) and the pharmaco-
kinetic data fit (red line). The black bar indicates the infusion pe-
riod. Data adapted from: Olofsen E, Boom M, Nieuwenhuijs D, et al. 
Modeling the non-steady-state respiratory effects of remifentanil in 
awake and propofol sedated healthy volunteers. Anesthesiology. 
2010;212:1382.
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60% reduction in dose requirement. When combining remifen
tanil with propofol (TIVA), the remifentanil effect remains vari
able. The remifentanil concentration added to a constant propo
fol plasma concentration of 2 µg/mL required for suppression 
of hemodynamic and movement responses during abdominal 
surgery varies from 3 to 15 ng/mL. Interestingly, at a higher pro
pofol concentration of 4 µg/mL, the variability was reduced to 0 
to 5 ng/mL. These data once again reinforce that opioid dosing, 
including remifentanil, requires titration to effect based on care
ful observation of the clinical response of the patient. Variations 
in the infusion rate should be based on an a priori knowledge 
of the PK and PD properties of the drug, patient characteristics, 
and, most importantly, hemodynamic responses and nociceptive 
input during surgery. Between intubation and surgical incision, 
when there is no stimulation, decreases of 30% to 40% in blood 
pressure and heart rate are not uncommon unless the remifent
anil infusion is reduced during that period. Due to its rapid PK 
activity, the need for an initial remifentanil bolus is rather limited 
especially when there is ample time between the start of infusion 
and the first nociceptive stimulus (such as laryngoscopy). If a 
bolus is required a slow infusion (given in 1 to 2 minutes) of 0.5 
to 1 µg/kg can be used.

The minimum alveolar concentration (MAC) reduction 
observed with remifentanil use61,106 and its very short CSt½ (Fig. 
19-6) make rapid awakening possible at the end of surgery. For 
example, after a 3-hour infusion of propofol and remifentanil 
for abdominal surgery, the shortest time to awakening (≈6.5 
minutes) was observed after constant propofol and remifen-
tanil concentrations of 1.5 and 9.0 ng/mL, respectively.105 At 
higher propofol but lower remifentanil concentrations the time 
to awakening increases. Note that all of these patients received 
morphine 0.1 mg/kg 30 minutes to the end of surgery to prevent 
overt pain responses upon awakening. The occurrence of post-
operative pain following remifentanil “fast-track” anesthesia is 
frequently reported.51 Postoperative pain scores are higher after 
a remifentanil-based anesthesia, and requirements for morphine 
are increased. This is due to the rapid decline in µ-opioid concen-
tration causing a rapid decline in analgesic state combined with a 
persistence of OIH. Strategies to counteract this problem include 
starting morphine administration 30 to 45 minutes before the 
end of surgery, or a single fentanyl bolus of 50 µg or ketamine 
0.125 mg/kg at the end of surgery.52

Pharmacogenetics

Pharmacogenetics describes the relationship between genetic 
variations and drug response.63 Variations occur in genes that 
code for components of the metabolic pathways and transport 
of the drug across the blood–brain barrier (affecting PK behav-
ior) and in genes that code for the opioid receptor or proteins 
in downstream signaling pathways (affecting PD behavior). The 
existence of a pharmacogenetic effect on PK is well established  
in opioid pharmacology, whereas an effect of genetic makeup on 
PD is less certain. For example, the literature on the significance 
of a specific mutation in the gene coding for MOR, OPRM1:c.118 
A > G (dbSNP1799971), is equivocal.69,107 Some examples of 
pharmacogenetic variations that influence opioid analgesia are 
given below.

The gene that codes for the melanocortin-1 receptor, the 
MC1r gene, is involved in the regulation of skin and hair pigmen-
tation and immunomodulation. Sixty percent of redheads have at 
least two variant alleles of the gene and animal and human stud-
ies indicate that specific mutations in this gene cause a pheno-
type of red hair and a fair, freckled skin as well as an increase in 

µ-opioid analgesia.108 The exact mechanism by which the MC1r 
gene influences pain pathways and interacts with the opioidergic 
system remains unknown. Possibly, the inactive MC1r causes a 
reflex increase in α-melanocyte–stimulating hormone (αMSH) 
and ACTH, which may act as the endogenous ligands to MC1r 
and which may induce neurobehavioral changes. Interestingly, 
redheads require more midazolam and inhalational anesthet-
ics compared to otherwise pigmented (either blond or dark)  
individuals.109

While most CYP isoenzymes display polymorphisms, the 
genetic variability in the gene coding for CYP2D6 is clinically 
most important.63,64 The CYP2D6 isoenzyme of the cytochrome 
P450 system is highly polymorphic with large variations between 
individuals in the number of gene copies in their DNA.110 The rate 
of metabolism of opioids depends on the number of copies a sub-
ject expresses from ultrarapid metabolizing individuals with mul-
tiple copies of the CYP2D6 gene to poor metabolizing individuals 
with two nonfunctional alleles of the gene (with some individu-
als demonstrating metabolism at a rate in-between extensive and 
intermediate individuals). The more copies of the gene the greater 
the metabolic power within the CYP2D6 pathway; the reverse is 
true for individuals without an active copy of the gene.110 This is 
important for drugs that rely on CYP2D6 to convert an inactive 
precursor (prodrug), such as codeine, into the active component 
of pain therapy (for codeine this is morphine).111 Patients without 
an active gene will have no benefit from treatment with codeine. 
Dangerous circumstances may occur when a patient is an exten-
sive metabolizer and produces large amounts of the active compo-
nent. There are multiple case reports showing codeine intoxication 
due to ultrarapid CYP2D6 metabolism.111–113 A tragic example 
reported by Koren et al.113 describes a normal full-term breastfed 
neonate that developed lethargy on postnatal day 7 and was found 
dead 6 days later. His mother had been prescribed 30 mg codeine 
combined with 500 mg acetaminophen for episiotomy pain (two 
tablets every 12 hours, reduced to 1 tablet per 12 hours after day 2 
because of somnolence and constipation). Postmortem morphine 
plasma concentrations were 70 ng/mL (normal values for chil-
dren breastfed by mothers receiving codeine is 0.2 to 2 ng/mL).  
The mother’s milk contained 87 ng/mL morphine (typical 
mother milk concentrations after repeated codeine dosing is 2 
to 20 ng/mL). Genotype analysis revealed that the mother had a  
2 × 2 CYP2D6 gene duplication and was classified as an ultrarapid 
CYP2D6 metabolizer. The clinical picture is that of death due to 
morphine-induced respiratory depression.

Variations in the ABCB1 gene, the gene coding for P-
glycoprotein, a protein involved in the efflux of xenobiotics from 
the brain, cause variations in the toxicity of fentanyl. Park et al.114 
monitored the clinical effects (respiration rate) of 2.5 µg/kg intra-
venous fentanyl in patients under spinal anesthesia and assessed 
the influence of three single nucleotide polymorphisms in ABCB1. 
They observed an effect of the different genotypes on respiratory 
depression with an increased risk for a reduction in respiratory 
ratio in certain variant gene combinations. These data are best 
explained by a lesser efficacy of the variant P-glycoprotein to 
transport fentanyl from the brain.

OpIOID-INDUCED RESpIRATORY 

DEpRESSION

The incidence of respiratory depression from opioid treatment, 
acute or chronic, is poorly documented. The metrics in the litera-
ture defining respiratory depression are inconsistent, the data are 

9
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predominantly retrospective, and most studies rely on intermit
tent sampling of data.115 This is likely to miss a significant number 
of respiratory depression events from which the patient recovers 
spontaneously or is rescued by other means. A recent systematic 
review of the literature on postoperative opioid-induced respira-
tory depression estimates an average incidence of 0.5% with a range 
of 0.2% to 2%.115 This would suggest that only one in 200 patients 
develops a respiratory event from opioids that requires an inter-
vention such as the administration of naloxone. When the patient 
is examined more closely as in the case of randomized controlled 
trials in which morphine is used as positive control, the incidence 
of morphine-induced respiratory depression is many times higher 
with hypoventilation (defined by a respiratory rate <8 breaths/
minute) occurring as frequent as in 30% of patients at one or more 
times during PCA morphine treatment.116 This suggests that the 
respiratory depression from opioids frequently goes undetected and 
therefore is clearly underreported. The same applies to opioid treat-
ment for chronic pain. Accidental deaths from opioids in chronic 
cancer pain patients are often falsely attributed to the progression of 
the underlying disease. Recently, there has been an alarming increase 
in reports of deaths from accidental opioid overdose among patients 
being treated for chronic non-cancer pain. Unfortunately, no valid 
data are available on the incidence of opioid-induced respiratory 
depression in chronic pain patients on strong opioids.

Various patient groups are at higher risk for development 
of opioid-related respiratory depression. These include obese 
patients, patients with (central or peripheral) hypopneic and 
apneic periods during sleep, patients with neuromuscular dis-
orders, (premature) neonates, chronic opioid users, and elderly 
patients.115 Identification of these high-risk groups may be chal-
lenging. For instance, patients with undiagnosed sleep-related 
breathing disorders often present to the preoperative assessment 
clinic. A careful history (e.g., looking for daytime somnolence) 
and physical examination are required to uncover potential 
heightened opioid-associated respiratory risks. Furthermore spe-
cific questionnaires, such as the STOP-BANG questionnaire for 
obstructive sleep apnea, should be part of the screening routine 
in the obese and aging patient population.117

The respiratory depressant effects of opioids may be divided 
into two components: (1) suppression of the ventilatory drive 
(i.e., true respiratory depression from the inactivation of respira-
tory neurons in the brain stem) and (2) occlusion of the upper 
airways either from a direct suppression of neurons in the brain-
stem involved in maintaining the upper airway muscle tone or 
from the loss of muscle tone related to sedation.118 While opi-
oids clearly affect respiratory neurons in the brainstem, the direct 
effect of opioids on the upper airway musculature is less clear. 
Opioids combined with anesthetics do not increase the incidence 
of upper airway obstruction but do increase the number of cen-
tral apneic events.119 However, any dose of opioid that produces a 
generalized state of sedation and/or reduced muscle tone will give 
rise to upper airway collapse, even when the patient is considered 
awake.120 Furthermore, depression of the chemo- and arousal 
reflexes by opioids will cause a delayed and less forceful response 
to upper airway obstruction.121 This may lead to recurrent peri-
ods of hypoxemia in the first few postoperative nights. Recent 
data indicate that most patients receiving opioids, whether diag-
nosed with obstructive sleep apnea syndrome or not, develop 
both central and obstructive apneic events resulting in recurrent 
hypoxemia during the first three to five nights postoperatively.122 
Stone et al.123 showed that patients on PCA morphine without 
supplemental oxygen develop recurrent and deep hypoxic events 
during the first few postoperative nights (Fig. 19-14). While sup-
plemental oxygen results in fewer hypoxic events, it has a seri-
ous disadvantage as it masks hypoventilation and early detection 

of an obstructive respiratory event because the lungs are primed 
with supplemental oxygen.124 Use of a pulse oximeter, especially 
in the presence of supplemental oxygen administration, is not a 
valid measure of the adequacy of ventilation.

Although the incidence of opioid-induced respiratory depres-
sion is low, fatalities do occur. Lötsch et al.125 describe a case of a 
healthy 26-year, 51 kg, 165 cm, female treated with morphine after 
knee surgery under balanced anesthesia (sevoflurane 2% to 3%, 
200 µg fentanyl). Following surgery she received four intravenous 
injections of morphine, with a total dose of 35 mg over 2 hours 
(almost 0.7 mg/kg). While the patient was comfortable and in no 
apparent distress directly after the last morphine dose, 40 minutes 
later the patient had “deep respiratory depression followed by a 
fatal cardiac arrest.” At that time estimated brain concentrations 
were about 150 nM, which is above the toxic range for morphine. 
This case understates the need for a close understanding of the PK 
and PD of any opioid that is used in any patient. The physicians 
involved in this case did not take into account the very slow pas-
sage of morphine across the blood–brain barrier causing a peak 
in central effect 1 to 2 hours following peak plasma concentra-
tion. And while the onset of analgesic occurred relatively rapidly 
following the last dose, the fatal respiratory depression occurred 
40 minutes later. Similar misunderstanding of the important role 
of PK by physicians prescribing oral methadone for treatment of 
chronic pain has led to patient deaths.

The drive to breathe is generated in multiple respiratory centers 
in the brainstem.115,126 Respiratory neurons receive inputs from 
various sites in the CNS (cortex, limbic system, hypothalamus, 
spinal cord), a set of receptors located in the brainstem (central 
chemoreceptors), and in the carotid bodies (peripheral chemore-
ceptors). These sensors send information, changes in pH, PCO2, 
and PO2 of the CSF and arterial blood, to the brainstem respiratory 
centers, which appropriately adjust breathing rate and pulmonary 
tidal volume. For example, acidosis, hypercapnia, and hypoxia 
will cause hyperventilation, while hypocapnia and alkalosis will 
reduce minute ventilation. Opioid effects on MORs expressed on 
respiratory neurons cause a reduction in respiratory rate,127 while 
a reduction in tidal volume is caused by the decreased input from 
the chemosensors. When an opioid is administered to a patient 

FIgURE 19-14. Effect of supplemental oxygen on pulse oximeter val-
ues in a postoperative patient on PCA morphine. Data from: Stone JG, 
Cozine KA, Wald A. Nocturnal oxygenation during patient-controlled 
analgesia. Anesth Analg. 1999;89:104, with permission.
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and the injection rate is sufficiently slow (over minutes) that the 
depression of the respiratory neurons in the brainstem coincides 
with the accumulation of arterial CO2, the stimulatory effect of the 
increased CO2 at the peripheral and central chemoreceptors will 
offset the decrease in tidal volume and reduced respiratory rate.62 
When just monitoring respiratory rate and oxygen saturation it 
appears that the opioid injected has no effect on the ventilatory 
system, but when also monitoring end-tidal (or arterial) CO2 
the opioid effect becomes visible. When injecting a strong opioid 
that rapidly crosses the blood–brain barrier, a rapid depression of 
respiratory neurons occurs and there will be no time for gradual 
CO2 accumulation, resulting in an apneic patient. An example 
is given in Fig. 19-13, which shows that a rapid short-term infu-
sion of remifentanil causes apnea and hypercapnia.62 Breathing 
is restored by a high arterial CO2 level combined with the rapid 
drop in brain (effect-site) remifentanil concentration. Slowing the 
speed of injection of this strong opioid allows the accumulation 
of arterial CO2, and apnea will be prevented and the patient will 
continue to breathe albeit at a higher arterial PCO2.

Similar to their analgesic PD properties, there is a large varia-
tion in the onset/offset times of the respiratory effect among the 
various opioids used perioperatively. Morphine has a slow onset/
offset with t½ke0 ranging between 1 and 2 hours84; fentanyl is 
faster with a value of 15 minutes,88 while remifentanil is the fast-
est with a value of 1 to 2 minutes.62 In general, when comparing 
opioid analgesics it is important to take into account not only 
their side effects (respiratory depression) but assess side effects 
relative to their analgesic properties. One way to compare opi-
oids in this respect is by constructing the so-called safety or util-
ity functions (UFos).88,128,129 UFos are constructed by estimating 
the difference in probability of analgesia and respiratory depres-
sion from PKPD analyses. This is for various end points of effect, 
often analgesia ≥50%, and respiratory depression ≤50% (see
Fig. 19-15). UFos are therefore context-sensitive and useful in 
tailoring opioids to specific patients. A negative UFo value indi-
cates that the probability for respiratory depression is larger than 
the probability for analgesic efficacy. For low-dose morphine the 
probability for respiratory depression exceeds that of analgesia, 
whereas at higher doses resulting in a plasma concentration (CP) 
>5 ng/mL the probability for analgesia is greater. At high mor-
phine concentrations no difference in probability is apparent as 
the value of the UFo approaches zero. For fentanyl, an initial posi-
tive value at low doses (<0.5 ng/mL) is followed by a negative effect 
over the CP range 0.5 to 3.0 ng/mL. For these reasons morphine is 
a better drug for postoperative PCA than fentanyl, when consid-
ering analgesia versus respiratory depression. These UFo curves 
are constructed from data in healthy volunteers. The curves of 
patients in pain will have a different form, more skewed to the 
left. However, since pain is not a constant in postoperative pain 
patients or chronic pain patients, these curves are still applicable 
to postoperative patients. Note that a positive value of the UFo 
does not mean that this opioid is without respiratory depression.

The drug of choice in case of life-threatening respiratory depres-
sion or the inability to resume spontaneous breathing is naloxone.79 
Naloxone is a competitive MOR antagonist causing a parallel right-
ward shift of the opioid dose–response relationship (Fig. 19-4). An 
oral MOR antagonist, naltrexone, is used in the treatment of alco-
holism and opioid dependence.79 Both antagonists are nonspecific, 
meaning that they antagonize all pharmacologic effects of opioids. 
The magnitude and duration of reversal of respiratory depression 
by naloxone depends on (1) the PK and PD profile of the opioid 
that needs reversal and (2) the administration mode of naloxone 
(bolus injections vs. continuous infusion).130 Naloxone’s respiratory 
C50 (i.e., the concentration of naloxone that causes a 50% reversal 
of ventilation) is 2 nM, and the blood–effect-site equilibration  

half-life (t½ke0) is 6.5 minutes, indicating that reversal is rapid. But 
the rate of decay of naloxone in plasma is relatively short (t½elim 
30 minutes), resulting in “renarcotization” when used to reverse 
effects from opioids with a longer plasma half-life than naloxone.130 
However, opioid concentrations are often just above the threshold 
for respiratory depression, and intravenous titration of naloxone 
40 to 80 µg bolus doses to cumulative doses of less than 400 µg 
is often sufficient to restore spontaneous breathing.115 Respiratory 
depression from opioids occurs at higher receptor occupancy rates 
than analgesia. Therefore analgesia is not compromised with careful 
titration of naloxone to respiratory effect. Large doses of naloxone, 
as commonly used in resuscitation, will reverse analgesia imme-
diately and may predispose patients to pain and catecholamine-
associated hypertension and cardiac ischemia, if not monitored 
properly.79 The naloxone titration opioid reversal approach is 
adequate for most opioids, with the exception of opioids with a 
high affinity for the MOR, such as buprenorphine.131 In that case, a 
continuous naloxone infusion (2 to 4 mg/hr) will cause a slow but 
steady resumption of breathing activity. For remifentanil the use of 
bolus naloxone doses in case of respiratory depression is unneces-
sary. The termination of the infusion will provide a rapid return of 
spontaneous breathing.132 When reversing apneic events due to an 
accidental opioid overdose (irrespective of the opioid taken), bolus 
doses are not sufficient and long-term infusions are required to 
prevent “renarcotization.”

On the ward, patient monitoring is much less than in the operat-
ing room or post anesthesia care unit (PACU). Current methods 
for monitoring of the ECG and oxygen saturation and regular nurse 
visits are insufficient to predict the occurrence of life-threatening 
respiratory events. Significant drops in oxygen saturation and tachy-
dysrhythmias do occur when the patient’s breathing system has 
been compromised by recurrent central or obstructive apneas (or 
both) for an appreciable period and no arousal occurs.123 Arousal is 
a wake-up from a state of sleep or sedation allowing the patient to 
open his or her throat and hyperventilate to overcome the period of 

FIgURE 19-15. Safety or utility functions for morphine and fentanyl. 
The probability of an analgesic effect greater than 50% minus the 
probability of toxicity (in this case, respiratory depression) greater than 
50% is given for the two opioids.
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hypoxemia. Arousal is triggered by hypoxia. Arousal is depressed by 
opioids and sedatives.121 Postoperative (nightly) respiratory events 
are often episodic with arousals and hyperventilation inbetween 
events. This will cause repetitive triggering of the oxygen saturation 
monitoring alarm and possibly alarm fatigue of the nursing staff. 
When the alarm is then inactivated or unattended an arousal fail
ure may occur which is potentially fatal (Fig. 1916).133 Alarms that 
give a direct indication of breathing activity are preferable. Exam
ples are monitors that give an indirect measure of expiratory flow 
such as monitors at the mouth of end-tidal carbon dioxide and 
humidity. The latter device is a recent development that measures 
the exhaled water content and gives a reliable estimate of breathing 
frequency.134 Both monitors will alarm in case of airway obstruc-
tion (flow rate is zero) or reduced breathing rates.

OTHER OpIOID-RELATED SIDE EFFECTS

Opioids case a large number of side effects, some causing great 
discomfort to the patient, others with potentially serious conse-
quences. Opioid-induced respiratory depression has been dis-
cussed above.

Nausea and Vomiting

Postoperative nausea and vomiting (PONV) is a serious side 
effect from all opioids used in perioperative care. And although 

inhalation anesthetics contribute significantly to the prob-
lem, opioids are the major cause of PONV with an incidence 
of greater than 50% following balanced anesthesia.135 Female 
patients seem more sensitive to opioid-induced PONV (see 
later). Patient distress from PONV is such that large numbers 
of patients would prefer being in pain than being nauseated.136 
Furthermore, retching and vomiting will induce severe pain 
from the stress it places on the wound. Opioids cause PONV due 
to their effects on the chemoreceptor trigger zone (CTZ) in the 
area postrema of the brainstem, as well as from direct effects on  
the GI tract.137 Also movement effects (such as the transport of 
the patient from the operating room to the PACU) will contrib-
ute to PONV from effects via the vestibular system. Opioids cause 
an increased sensitivity of the vestibular system. The CTZ con-
tains opioid, serotonin (5HT3), histamine, dopamine (D2), and 
muscarinic acetylcholine receptors.137 The CTZ, vagal nerve, and 
vestibular organs project to the vomiting center in the medulla. 
Drugs used in the treatment of PONV include dopamine antago-
nists (e.g., droperidol), 5HT-antagonists (e.g., ondansetron) and 
steroids.135,137 A better approach than treatment is the use of an 
adequate prevention strategy in patients with a known history 
of PONV or patients that will undergo surgeries with a known 
high incidence of PONV. This prevention approach includes the 
use of propofol rather than inhalation anesthetics, the use of epi-
dural postoperative analgesia rather than iv opioids, and mul-
timodal pharmacologic therapy, including a 5HT-antagonist, a 
dopamine antagonist, and a steroid (e.g., iv ondansetron 4 mg, 
droperidol 0.625 mg, and dexamethasone 4 mg) given prior to 
the end of surgery.

A

B

arousal
failure

recovery
failure

FIgURE 19-16. A: Breathing pattern in a patient 
with recurrent obstructive apneic events as might 
occur during sleep. SpO2, oxygen saturation; PaCO2, 
arterial carbon dioxide concentration; Ve, expired 
minute ventilation. B: Representation of recurrent 
activation of the saturation alarm in a patient with 
sleep apnea (alarm threshold set at 90%). This could 
possibly lead to alarm fatigue.133 (y-axis = SpO2.)
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Smooth muscle Effects

Opioid receptors are present in the enteric plexus within the 
smooth muscle layers of the GI tract. Opioids inhibit intestinal 
and pancreatic secretion, increase bowel tone, and decrease intes
tinal propulsive activity.138 Consequently opioids cause delayed 
gastric emptying, constipation, bowel distension, and paralytic 
ileus. Although opioids affect GI motility from central sites as 
well, blockade of opioid receptors with opioid antagonists that do 
not cross the blood–brain barrier (such as methylnaltrexone) will 
have a favorable effect on GI motility.139

Due to spasms of the sphincter of Oddi and common bile 
duct, opioids may cause acute upper abdominal pain and colic
like complaints.140 Opioids may also contribute to misinterpreta
tion of perioperative cholangiograms. Naloxone or glucagon can 
be used for treatment as both cause relaxation of the sphincter 
muscle.

Activated opioid receptors present in the wall of the blad
der and ureters can cause acute urine retention.141 It is most 
often seen after epidural or spinal opioid administration with a 
higher incidence in men than women. Urine retention is related 
to the inability of the urethral sphincter muscle to relax while 
the bladder tone increases. Opioidinduced bladder dysfunc
tion can be treated with naloxone or the peripherally acting  
methylnaltrexone.142

Skeletal muscle Effects

Strong, highdose opioids, especially when given rapidly, cause 
skeletal muscle rigidity, which includes thoracic, abdominal, and 
pharyngeal muscles.143 Weak opioids may give rise to an increase 
in muscle tension in neck and thorax (some patients have the 
feeling that “an elephant sits on their chest” following 10 mg 
morphine iv). While the effect of weak opioids seems to wear off 
fairly rapidly (within 10 to 20 minutes), the effect of strong opi
oids requires muscle relaxation and intubation as ventilation may 
become compromised.

histamine Release

Highdose morphine, codeine, and meperidine cause histamine 
release from mast cells, an effect that is nonopioid receptor 
related (naloxone does not prevent this effect).144 This effect is 
not seen with piperidines (fentanyl and congeners). The conse
quence of histamine release is itching and redness of the skin and 
hives along the trajectory of the venous injection. Histamine may 
also cause a reduction in vascular resistance and systemic and 
pulmonary pressures.

Pruritus (Itch)

Animal research has shown the existence of itch-specific path-
ways that involve itch-specific (i.e., histamine-sensitive) neurons 
in the spinal cord dorsal horn that travel to the thalamus via the 
spinothalamic tract.145 These neurons and pathways are distinct 
from pain-related neurons and pathways.146 Painful stimuli such 
as scratching can abolish histamine-induced itch. Opioids com-
monly cause an itch typically of the nose, after systemic admin-
istration. After spinal opioid injections itching is very common 
and occurs in 60% to 90% of the patients. Opioid-induced itch 
serves possibly as a warning signal for the presence of exogenous 

µ-opioids (which are normally not present in the body). Not all 
opioids cause itching. For example, κ-opioids (e.g., pentazocine) 
are antipruritic. Treatment of opioid-induced itch is difficult and 
many treatments have been tried including MOR antagonists 
(e.g., naloxone, naltrexone, nalbuphine), histamine H1 receptor 
antagonists, 5HT-antagonists (e.g., ondansetron), NSAIDs, pred-
nisone, and a sub-hypnotic low-dose infusion of propofol.147

Pupil Effects

Opioids produce pupillary miosis.148 Of all opioid effects, miosis 
occurs most rapidly and at lower doses than analgesia or respira-
tory depression (the fentanyl C50 for miosis is about half of that 
for analgesia).88 The mechanism of pupil constriction is activa-
tion of MORs in the nucleus of Edinger–Westphal, which projects 
to the muscles of the iris via the oculomotor nerve.149 Since the 
iris contains MORs a direct effect of opioids on the pupil diam-
eter is possible.

Diffuse CNS Effects

There are a variety of CNS effects induced by opioids that can 
cause considerable discomfort to the patients, yet cannot be local-
ized to a specific area of the CNS. These effects can occur after 
acute opioid treatment but are commonly seen in chronic pain 
patients on prolonged opioid treatment. These effects include 
dizziness, light headedness, sedation and drowsiness, euphoria, 
dysphoria, drug “high,” cognitive dysfunction (e.g., memory 
loss), inability to concentrate or focus attention, hallucinations, 
and so on.150 Some of these effects, such as dizziness, limit the 
use of opioids in the chronic pain setting, especially in elderly 
patients.151

Cardiovascular Effects

Opioids affect the cardiovascular system at central and periph-
eral sites.152 Central effects include the activation of vagal nuclei 
and depression of vasomotor centers in the brainstem. Periph-
eral effects occur predominantly at high (supraclinical) doses and 
include direct myocardial depression and arterial and venous dil-
atation. Morphine may cause additional cardiovascular effects via 
the release of histamine (see above). The consequences are mild 
at clinical doses and include orthostatic hypotension, mild bra-
dycardia, and a moderate reduction of systemic and pulmonary 
resistance. However, even at clinical doses, opioids can induce 
hemodynamic instability when combined with other drugs such 
as inhalation anesthetics, propofol, or benzodiazepines, and in 
severely ill patients (e.g., with sepsis). Treatment of hemody-
namic instability includes the administration of atropine and 
vasopressors and moderate fluid therapy.

REMIFENTANIL FOR ObSTETRIC 

LAbOR pAIN

The popularity of remifentanil PCA for treatment of obstetric 
labor pain has increased over the last years. The primary indica-
tion for this treatment modality is the presence of a condition 
which contraindicates epidural analgesia, or the unavailability of 
personnel to place an epidural. One approach is to use remifen-
tanil at bolus doses of 30 µg with a 3-minute lockout period. In 
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case of side effects (respiratory depression, nausea) the bolus dose 
may be reduced to 20 µg, while in case of insufficient pain relief 
the bolus dose may be increased to 40 µg. An infusion scheme of 
40 µg bolus doses at 3-minute intervals results in plasma concen-
trations between 2 and 4 ng/mL, sufficient to relieve the pain of 
the uterine contraction. Clinical studies indicate that pain scores 
are not greatly reduced when compared to epidural analgesia but 
patient satisfaction is high.153,154 Pain relief with epidural anal-
gesia remains superior to PCA remifentanil or intramuscular 
meperidine.153–155 Safety remains an important issue.156 While in 
most studies oxygen saturation values do not seem to drop below 
94% there are little data on the occurrence of short-term hypoxic 
and apneic events in the time following a contraction.153 With 
appropriate monitoring from personnel present in the room with 
the patient, PCA remifentanil is a safe labor analgesic modality 
but it remains a secondary alternative to epidural analgesia.

gENDER DIFFERENCES

The first indications of the existence of important gender differ-
ences in opioid efficacy came from animal work. The resultant 
human literature is large with often conflicting results. A recent 
systematic review, however, gives valuable insights into the 
existence of gender differences in opioid efficacy in humans.157 
The largest evidence comes from morphine PCA studies fol-
lowing major abdominal or orthopedic surgery. Women have a 
greater analgesic effect from PCA than men and consequently 
consume less opioids postoperatively. With longer durations 
of PCA (>24 hours), the difference in effect between the sexes 
further increases. Interestingly, in the first minutes postop-
eratively, greater morphine opioid efficacy is observed in men, 
an effect that is reversed after 30 to 90 minutes. These data are 
best explained by a difference in morphine potency with greater 
potency in women, coupled to a slower onset/offset of the drug 
in women (i.e., greater value for t½ke0 in women). The slower 
onset/offset times may be related to a slower passage across the 
blood–brain barrier, or differences in receptor distribution and 
kinetics in men and women.91,158 As a consequence morphine 
will take longer to induce adequate analgesia in women, while a 
speedier effect is observed in men.91 Due to the lower potency in 
men, they require multiple additional morphine administrations 
while women require fewer additional doses. The gender differ-
ence remains in older patients (>65 years), although in both sexes 
the opioid requirements for adequate analgesia are significantly 
reduced with age due to both PK and PD factors.85 Similar to 
analgesia, there are gender-related differences in opioid-induced 
respiratory depression and nausea and vomiting, with greater 
effects observed in women compared to men.159,160,161
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