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Preface

The Essentials of Small Animal Veterinary Anesthesia and Analgesia, Second Edition is the
companion to the recently published Lumb and Jones’ Veterinary Anesthesia and Analgesia,
Fourth Edition. Its major purpose is to provide veterinary care providers and students with the
essentials of anesthetic and analgesic pharmacology, physiology, and clinical case management
for small animal patients. The editors have included clinically focused small animal content
from chapters covering physiology, pharmacology, patient assessment, and monitoring
originally published in Lumb and Jones’ Veterinary Anesthesia and Analgesia, Fourth
Edition. Readers may find it helpful to refer back to those chapters if they wish to delve
deeper into subject matter or references not included in this Essentials book. Additionally,
several authors contributed new chapters on the equipment and management of patients with
specific conditions specifically for this book. Those chapters have detailed references
included and provide different perspectives on clinical case management.

The editors wish to express our gratitude to all the authors who provided content for the
original chapters in Lumb and Jones Veterinary Anesthesia and Analgesia, Fourth Edition, as
well as the new authors making contributions to this book. Dr. Steven Greene deserves a
special thank you for assisting us with the coordination and editing of the chapters on
management of patients with specific conditions. We would also like to thank the professionals
at Wiley-Blackwell and specifically Erica Judisch, Nancy Turner, and Susan Engelken for their
assistance with this project. Finally, we can never thank our families enough for their patience,
understanding, and love when our work takes us away from them.

Kurt A. Grimm
Leigh A. Lamont
William J. Tranquilli



Chapter 1

Patient evaluation and risk management

William W. Muir, Steve C. Haskins, and Mark G. Papich

Introduction

The purpose of anesthesia is to provide reversible unconsciousness, amnesia, analgesia, and
immobility for invasive procedures. The administration of anesthetic drugs and the
unconscious, recumbent, and immobile state, however, compromise patient homeostasis.
Anesthetic crises are unpredictable and tend to be rapid in onset and devastating in nature. The
purpose of monitoring is to achieve the goals while maximizing the safety of the anesthetic
experience.

Preanesthetic evaluation

All body systems should be examined and any abnormalities identified. The physical
examination and medical history will determine the extent to which laboratory tests and special
procedures are necessary. In all but extreme emergencies, packed cell volume and plasma
protein concentration should be routinely determined. Contingent on the medical history and
physical examination, additional evaluations may include complete blood counts; urinalysis;
blood chemistries to identify the status of kidney and liver function, blood gases, and pH;
electrocardiography; clotting time and platelet counts; fecal and/or filarial examinations; and
blood electrolyte determinations. Radiographic and/or ultrasonographic examination may also
be indicated.

Following examination, the physical status of the patient should be classified as to its general
state of health according to the American Society of Anesthesiologists (ASA) classification
(Table 1.1). This mental exercise forces the anesthetist to evaluate the patient’s condition and
proves valuable in the proper selection of anesthetic drugs. Classification of overall health is
an essential part of any anesthetic record system. The preliminary physical examination should
be done in the owner’s presence, if possible, so that a prognosis can be given personally. This
allows the client to ask questions and enables the veterinarian to communicate the risks of
anesthesia and allay any fears regarding management of the patient.

Table 1.1. Classification of physical status?

Source: Muir W.W. 2007. Considerations for general anesthesia. In: Lumb and Jones’ Veterinary Anesthesia and



Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing, p. 17.

Category | Physical status Possible examples of this category
I Normal healthy patients No dlscj_ernlble disease; animals entered for ovariohysterectomy, ear trim, caudectomy, or
castration
I Patients with mild systemic disease §k1n tgmor, fracture without sh.ock,.uncomphcated hernia, cryptorchidectomy, localized
infection, or compensated cardiac disease
111 Patients with severe systemic disease Fever, dehydration, anemia, cachexia, or moderate hypovolemia
v Patients with severe systemic disease that is a Uremia, toxemia, severe dehydration and hypovolemia, anemia, cardiac decompensation,
constant threat to life emaciation, or high fever
\Y% Mor¥bund pat1ent§ not expected to survive 1 day with Extreme shock and dehydration, terminal malignancy or infection, or severe trauma
or without operation

9 This classification is the same as that adopted by the ASA.

Preanesthetic pain evaluation

The diagnosis and treatment of pain require an appreciation of its consequences, a fundamental
understanding of the mechanisms responsible for its production, and a practical appreciation of
the analgesic drugs that are available. Semiobjective and objective behavioral, numerical, and
categorical methods have been developed for the characterization of pain and, among these, the
visual analog scale (VAS) has become popular. Ideally, pain therapy should be directed toward
the mechanisms responsible for its production (multimodal therapy), with consideration, when
possible, of initiating therapy before pain is initiated (preemptive analgesia). The American
Animal Hospital Association (AAHA) has developed standards for the assessment, diagnosis,
and therapy of pain that should be adopted by all veterinarians (Table 1.2).

Preanesthetic stress evaluation

Both acute and chronic pain can produce stress. Untreated pain can initiate an extended and
potentially destructive series of events characterized by neuroendocrine dysregulation, fatigue,
dysphoria, myalgia, abnormal behavior, and altered physical performance. Even without a
painful stimulus, environmental factors (loud noise, restraint, or a predator) can produce a
state of anxiety or fear that sensitizes and amplifies the stress response. Distress, an
exaggerated form of stress, is present when the biologic cost of stress negatively affects the
biologic functions critical to survival. Pain, therefore, should be considered in terms of the
stress response and the potential to develop distress.

Increased central sympathetic output causes increases in heart rate and arterial blood
pressure, piloerection, and pupil dilatation. The secretion of catecholamines from the adrenal
medulla and spillover of norepinephrine released from postganglionic sympathetic nerve
terminals augment these central effects. Ultimately, changes in an animal’s behavior may be the
most noninvasive and promising method to monitor the severity of an animal’s pain and
associated stress.

Table 1.2. AAHA pain management standards (2003)

Sources: Muir W.W. 2007. Considerations for general anesthesia. In: Lumb and Jones’ Veterinary Anesthesia and



Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing, p. 19, and the
AAHA, Lakewood, CO.

. Pain assessment for all patients regardless of presenting complaint

. Pain assessment using standardized scale/score and recorded in the medical record

. Pain management is individualized for each patient

. Practice utilizes preemptive pain management

. Pain management is provided for the anticipated duration of pain

. Patient is reassessed for pain throughout potentially painful procedure

. Patients with persistent or recurring disease are evaluated to determine their pain management needs

1
2
3
4
5. Appropriate pain management is provided for the anticipated level of pain
6
7
8
9

. Analgesic therapy is used as a tool to confirm the existence of a painful condition when pain is suspected but cannot be confirmed by objective methods

10. A written pain management protocol is utilized

11. When pain management is part of the therapeutic plan, the client is effectively educated

Patient preparation

Preanesthetic fasting

Too often, operations are undertaken with inadequate preparation of patients. With most types
of general anesthesia, it is best to have patients off feed for 12 hours previously. Some species
are adversely affected by fasting. Birds, neonates, and small mammals may become
hypoglycemic within a few hours of starvation, and mobilization of glycogen stores may alter
rates of drug metabolism and clearance. Induction of anesthesia in animals having a full
stomach should be avoided, if at all possible, because of the hazards of aspiration.

Preanesthetic fluid therapy

In most species, water is offered up to the time that preanesthetic agents are administered. It
should be remembered that many older animals have clinical or subclinical renal compromise.
Although these animals remain compensated under ideal conditions, the stress of
hospitalization, water deprivation, and anesthesia, even without surgery, may cause acute
decompensation. Ideally, a mild state of diuresis should be established with intravenous fluids
in nephritic patients prior to the administration of anesthetic drugs.

Dehydrated animals should be treated with fluids and appropriate alimentation prior to
operation; fluid therapy should be continued as required. An attempt should be made to
correlate the patient’s electrolyte balance with the type of fluid that is administered. Anemia
and hypovolemia, as determined clinically and hematologically, should be corrected by
administration of whole blood or blood components and balanced electrolyte solutions.
Patients in shock without blood loss or in a state of nutritional deficiency benefit by
administration of plasma or plasma expanders. In any case, it is good anesthetic practice to
administer intravenous fluids during anesthesia to help maintain adequate blood volume and
urine production, and to provide an available route for drug administration.



Prophylactic antibiotic administration

Systemic administration of antibiotics preoperatively is a helpful prophylactic measure prior
to major surgery or if contamination of the operative site is anticipated. Antibiotics are ideally
given approximately 1 hour before anesthetic induction.

Oxygenation and ventilation

Several conditions may severely restrict effective oxygenation and ventilation. These include
upper airway obstruction by masses or abscesses, pneumothorax, hemothorax, pyothorax,
chylothorax, diaphragmatic hernia, and gastric distention. Affected animals are often in a
marginal state of oxygenation. Oxygen administration by nasal catheter or mask is indicated if
the patient will accept it. Intrapleural air or fluid should be removed by thoracocentisis prior
to induction because the effective lung volume may be greatly reduced and severe respiratory
embarrassment may occur on induction. Anesthetists should be prepared to carry out all phases
of induction, intubation, and controlled ventilation in one continuous operation.

Heart disease

Decompensated heart disease is a relative contraindication for general anesthesia. If animals
must be anesthetized, an attempt at stabilization through administration of appropriate
inotropes, antiarrhythmic drugs, and diuretics should be made prior to anesthesia. If ascites is
present, fluid may be aspirated to reduce excessive pressure on the diaphragm.

Hepatorenal disease

In cases of severe hepatic or renal insufficiency, the mode of anesthetic elimination should
receive consideration, with inhalation anesthetics often preferred. Just prior to induction, it is
desirable to encourage defecation and/or urination by giving animals access to a run or
exercise pen.

Patient positioning
During anesthesia, patients should, if possible, be restrained in a normal physiological
position. Compression of the chest, acute angulation of the neck, overextension or compression
of the limbs, and compression of the posterior vena cava by large viscera can all lead to
serious complications, which include hypoventilation, nerve and/or muscle damage, and
impaired venous return.

Tilting anesthetized patients alters the amount of respiratory gases that can be accommodated
in the chest (functional residual capacity [FRC]) by as much as 26%. In dogs subjected to
hemorrhage, tilting them head-up (reverse Trendelenburg position) was detrimental, producing
lowered blood pressure, hyperpnea, and depression of cardiac contractile force. When dogs
were tilted head-down (Trendelenburg position), no circulatory improvement occurred. In



most species, the head should be extended to provide a free airway and to prevent kinking of
the endotracheal tube.

Selection of an anesthetic and analgesic drugs

The selection of an anesthetic is based on appraising several factors, including:

(1) The patient’s species, breed, and age.

(2) The patient’s physical status.

(3) The time required for the surgical (or other) procedure, its type and severity, and the

surgeon’s skill.

(4) Familiarity with the proposed anesthetic technique.

(5) Equipment and personnel available.

In general, veterinarians will have greatest success with drugs they have used most
frequently and with which they are most familiar. The skills of administration and monitoring
are developed only with experience; therefore, change from a familiar drug to a new one is
usually accompanied by a temporary increase in anesthetic risk.

The length of time required to perform a surgical procedure and the amount of help available
during this period often dictate the anesthetic that is used. Generally, shorter procedures are
done with short-acting agents, such as propofol, alphaxalone-CD, and etomidate, or with
combinations using dissociative, tranquilizing, and/or opioid drugs. Where longer anesthesia is
required, inhalation or balanced anesthetic techniques are preferred.

Drug interactions

When providing anesthesia and analgesia to animals, veterinarians often administer
combinations of drugs without fully appreciating the possible interactions that may and do
occur. Many drug interactions, both beneficial (resulting in decreased anesthetic risk) and
harmful (increasing anesthetic risk), are possible. Although most veterinarians view drug
interactions as undesirable, modern anesthesia and analgesic practice emphasizes the use of
drug interactions for the benefit of the patient (multimodal anesthesia or analgesia).

A distinction should be made between drug interactions that occur in vitro (such as in a
syringe or vial) from those that occur in vivo (in patients). Veterinarians frequently mix drugs
together (compound) in syringes, vials, or fluids before administration to animals. In vitro
reactions, also called pharmaceutical interactions, may form a drug precipitate or a toxic
product or inactivate one of the drugs in the mixture. In vivo interactions are also possible,
affecting the pharmacokinetics (absorption, distribution, or biotransformation) or the
pharmacodynamics (mechanism of action) of the drugs and can result in enhanced or reduced
pharmacological actions or increased incidence of adverse events.

Nomenclature



Commonly used terms to describe drug interactions are addition, antagonism, synergism, and
potentiation. In purely pharmacological terms that have underlying theoretical implications,
addition refers to simple additivity of fractional doses of two or more drugs, the fraction being
expressed relative to the dose of each drug required to produce the same magnitude of
response; that is, response to X amount of drug A = response to Y amount of drug B = response
to 1/2XA + 1/2YB, 1/4XA + 3/4YB, and so on. Additivity is strong support for the assumption
that drug A and drug B act via the same mechanism (e.g., on the same receptors). Confirmatory
data are provided by in vitro receptor-binding assays. Minimum alveolar concentration
(MAC) fractions for inhalational anesthetics are additive. All inhalants have similar
mechanisms of action but do not appear to act on specific receptors.

Synergism refers to the situation where the response to fractional doses as described
previously is greater than the response to the sum of the fractional doses (e.g., 1/2XA + 1/2YB
produces more than the response to XA or YB).

Potentiation refers to the enhancement of action of one drug by a second drug that has no
detectable action of its own.

Antagonism refers to the opposing action of one drug toward another. Antagonism may be
competitive or noncompetitive. In competitive antagonism, the agonist and antagonist compete
for the same receptor site. Noncompetitive antagonism occurs when the agonist and antagonist
act via different receptors.

The way anesthetic drugs are usually used raises special considerations with regard to drug
interactions. For example, (1) drugs that act rapidly are usually used; (2) responses to
administered drugs are measured, often very precisely; (3) drug antagonism is often relied
upon; and (4) doses or concentrations of drugs are usually titrated to effect. Minor increases or
decreases in responses are usually of little consequence and are dealt with routinely.

Commonly used anesthetic drug interactions

Two or more different kinds of injectable neuroactive agents are frequently used to induce
anesthesia with the goal of achieving a better quality of anesthesia with minimal side effects.
Agents frequently have complementary effects on the brain, but one agent may also antagonize
an undesirable effect of the other. Examples of such combinations are tiletamine and zolazepam
(Telazol®) or ketamine and midazolam. Tiletamine and ketamine produce sedation, immobility,
amnesia, and differential analgesia, but may also produce muscle rigidity and grand mal
seizures. Zolazepam and midazolam produce sedation, reduce anxiety, and minimize the
likelihood of inducing muscle rigidity and seizures.

To better manage the pain associated with surgical procedures, it is becoming increasingly
common to combine the use of regionally administered analgesics and light general anesthesia
(twilight anesthesia). An example of such an approach is to administer a local anesthetic alone
or in combination with an opioid or an alpha, adrenergic agonist into the epidural space before

or during general anesthesia. Benefits sought with this approach are reduction in the amount of
general anesthetic required and the provision of preemptive analgesia. Reducing general



anesthetic requirements decreases the potential of systemic side effects.

Interactions among opioid drugs

In recent years, there has been some confusion as to whether the administration of opioid
agonists with opioid agonist/antagonists will produce an interaction that diminishes the
analgesic effect of the combination. In theory, drugs such as butorphanol and nalbuphine have
antagonistic properties on the p receptor, so they should partially reverse some effects of p-
receptor agonists (e.g., morphine) when administered together. The clinical significance of this
antagonism has been debated, however. In dogs, for example, although butorphanol reverses
some respiratory depression and sedation produced by pure agonists, the analgesic efficacy
may be preserved. Similarly, in dogs given butorphanol for postoperative pain associated with
orthopedic surgery, there was no diminished efficacy with subsequent administration of
oxymorphone. However, in another study, dogs that had not responded to butorphanol after
shoulder arthrotomy responded to subsequent administration of oxymorphone, but the
oxymorphone dose required to produce an adequate effect was higher than what would be
required if oxymorphone was used alone, suggesting that some antagonism of analgesia may
have been present. When butorphanol and oxymorphone have been administered together to
cats, a greater efficacy has been reported than when either drug was used alone. These clinical
observations, taken together, suggest that antagonism may indeed occur in some clinical
patients, but in other patients, coadministration actually results in a synergistic analgesic effect.
These divergent results from one individual to the next may be due to a variety of factors,
including: (1) differences in the pain syndrome being treated, (2) species variation in response
to opioids, (3) dosage ratios of the specific opioids being administered, and (4) variation in
opioid efficacy between genders. For example, when looking at the first of these factors in
humans, whether antagonism or synergism occurs with the coadministration of butorphanol and
a pure opioid agonist appears to depend on whether somatic pain versus visceral pain is
present. These types of studies have not been performed to date in common pet species.

Risk
Risk refers to uncertainty and the potential for adverse outcome as a result of anesthesia and
surgery. It should be emphasized that physical status, anesthetic risk, and operative risk are
different.

Major surgical procedures and complex procedures are associated with increased morbidity
and mortality as compared with minor procedures. Involvement of major organs increases risk;
central nervous system (CNS), cardiac, and pulmonary procedures have the highest risk,
followed by the gastrointestinal tract, liver, kidney, reproductive organs, muscles, bone, and
skin. Emergency procedures are more risky because of unstable or severely compromised
homeostasis, decreased ability to prepare or stabilize the patient, and lack of preparation by
the surgical and anesthetic team. Operating conditions refer to the physical facilities and



equipment and support personnel available. The aggressiveness of the surgical team,
experience with the procedure, and frequency of performance are also important. Lastly, the
duration of the procedure and fatigue must be considered because patients cannot be operated
on indefinitely. The incidence of morbidity and mortality increases with the duration of
anesthesia and surgery. Thus, efficiency of the surgical team is important in reducing risk.

Anesthetic factors that can affect risk include the choice of anesthetic drugs to be used, the
anesthetic technique, and the duration of anesthesia. The choice of anesthetic can adversely
affect the outcome, but more commonly the agents are not so much at fault as the manner in
which they are given. Experience of the anesthetist with the protocol is important to its safe
administration. It is worth noting that human error remains the number one reason for
anesthesia-related mishap and is a major contributor to anesthetic risk.

Several retrospective studies have reported a perioperative mortality rate of 20—189 per
10,000 patients administered anesthetics. Anesthesia reportedly contributed to 2.5-9.2 deaths
per 10,000 patients (Table 1.3). Mortality rates were higher among patients with poorer
preoperative physical status and greater age where biologic reserves are limited, and among
patients undergoing emergency procedures where preoperative planning and preparation are
limited, but were still of notable frequency in young, healthy patients undergoing planned
procedures (Table 1.4). Of the deaths, 1% occurred at premedication, 6-8% at induction, 30—
46% intraoperatively, and 47—61% postoperatively (Table 1.5). Intraoperative causes of death
included the primary disease process; aspiration; hypovolemia and hypotension; hypoxia
secondary to airway or endotracheal tube problems, or pneumothorax; misdosing of drugs; and
hypothermia. Postoperative causes of death included the primary disease process, arrest during
endotracheal tube suctioning, aspiration, pneumonia, and heart failure (Table 1.6).

Table 1.3. Complications in small animal anesthesia

Source: Broadbelt D.C., Blissitt K.J., Hammond R.A., Neath P.J., Young L.E., Pfeiffer D.U., Wood J.L. 2008. The risk of
death: the confidential enquiry into perioperative small animal fatalities. Vet Anaesth Analg 35(5): 365-373. Epub May

5, 2008.
Species Number Number of Risk of 95% Cl (%)
at risk anesthetic- and anesthetic-/
sedative-related sedative-related
fatalities death (%)
Dog 98,036 163 0147 0.14-0.19
Cat 79,178 189 0.24 0.20-0.27
Rabbit g209 114 1.39 1.14—-1.64
Guinea pig 1288 49 3.80 2.76-4.85
Ferrat G601 2 0.33 0.04—1. 209
Hamsters 246 2] 3.66 1.60-5.837
Chinchilla 334 11 3.28 1.38-5.21
Rat 398 a8 2.01 0.87-3.929
Othear small 232 4 1.72 0.47-4.369
mammals
Budgerigar 49 8 16.33 7.32-29.669
Parrot 127 5 3.94 1.29-8.958
Other birds 284 5 1.76 0.57-4.069
Reptiles 134 2 1.45 0.18-5294
Other &0 0 0 0-7.118




9 Exact 95% confidence interval (CI).

Table 1.4. Risks of anesthetic- and sedation-related death in healthy and sick dogs, cats, and
rabbits

Source: Broadbelt D.C., Blissitt K.J., Hammond R.A., Neath P.J., Young L.E., Pfeiffer D.U., Wood J.L. 2008. The risk of
death: the confidential enquiry into perioperative small animal fatalities. Vet Anaesth Analg 35(5): 365-373. Epub May
5, 2008.

CI, confidence interval.

Species Health Number of Estimated  Risk of anesthetic- 95% CI (%)

status® anesthetic- number of and sedation-related
related deaths anesthetics death (2z)

Dog Healthy 49 90,618 0.05 0.04-0.07
Sick a9 7418 1.33 1.07-1.60
Overall® 163 98,036 0.17 0.14-019

Cat Healthy 81 72,473 0.1 0.09-0.14
Sick 94 5705 1.40 1.12-1.68
Overall® 189 79,178 0.24 0.20-0.27

Rabhit Healthy 56 7682 0.73 0.54-0.93
Sick 41 557 737 5.20-9.54
Overall® 114 8209 1.39 1.14-1.64

9 Healthy (ASA I and IT) no/mild preoperative disease, sick (ASA I1I-V) severe preoperative disease.

b Overall risks include additional deaths for which insufficient information was available (including health status) to exclude them
from being classified as anesthetic related.

Table 1.5. Timing of anesthetic- and sedation-related deaths in dogs, cats, and rabbits

Source: Broadbelt D.C., Blissitt K.J., Hammond R.A., Neath P.J., Young L.E., Pfeiffer D.U., Wood J.L. 2008. The risk of
death: the confidential enquiry into perioperative small animal fatalities. Vet Anaesth Analg 35(5): 365-373. Epub May

5, 2008.

Timing of death Dogs (%) Cats (%) Rabbits (%)
After pramedication 1(1) 2 1) 0
Induction of anesthesia 9 (B) 14 (8) 6 (B)
Maintenance of anesthesia 68 (48) 53 (30) 29 (30)
Postoperative death® 70 (47) 106 (61) 62 (64)

0-3 hours postoperative | 66 26

3—6 hours postoperative 11 9 7

6—12 hours postoperative 12 7 13

12—24 hours postoperative 13 12 g

24-48 hours postoperative 3 10 3

Unknown time 0 2 4
Total 148 (100) 175 (100) 97 (100)

9 Postoperative deaths were additionally categorized by time after anesthesia. The percent values are given within parentheses.

Claims presented to the American Veterinary Medical Association Professional Liability
Insurance Trust based on anesthetic, surgical, and medical incidents reflect changing trends in
veterinary practice and owner concern for optimal patient care (Table 1.7). It should be noted
that the percentage of anesthesia claims decreased by over 50% for both dogs and horses from
1982 to 2003, reflecting the increasing sophistication and safety of veterinary anesthesia during



this period. For more recent data on anesthetic-related claims, the reader is referred to the
American Veterinary Medical Association Liability Insurance Trust.

Table 1.6. Primary causes of death in dogs, cats, and rabbits

Source: Broadbelt D.C., Blissitt K.J., Hammond R.A., Neath P.J., Young L.E., Pfeiffer D.U., Wood J.L. 2008. The risk of
death: the confidential enquiry into perioperative small animal fatalities. Vet Anaesth Analg 35(5): 365-373. Epub May

5, 2008.
Cause of death Dogs (%) Cats (%) Rabbits (%)
Cardiovascular cause 34 (23) 11 (8) 33
Respiratory causes 20 (13) 16 (9) 13 (13)
Either cardiovascular or respiratory 55 (37) 99 (57) 22 (23)
Neurological cause 7 (5) B (5) 2(2)
Renal 1 (1) 6 (3) 0
Unknown 31 (21) 35 (20) 57 (59)
Total 148 (100) 175 (100) 97 (100)

Deaths are expressed as number of animals (percent of total). Only cases where a case—control questionnaire was received are

included.

Table 1.7. Trends in claims involving anesthesia, surgery, and medicine presented to the
American Veterinary Medical Association Professional Liability Insurance Trust (AVMA-

PLIT)
Source: Data courtesy of the AVMA-PLIT.
Species Total Anesthesia (3:) Medical (%) Surgical (%)
1976—1982
Dogs 1225 131 44.4 42.5
Cats 216 6.5 47.7 45.8
Horses 542 13.8 44.5 4.7
Cattle 436 3.9 51.8 44.2
1998—-2003
Dogs Ga92 5.1 41.8 40.7
Cats 2135 7.0 42.2 40.7
Horses 1521 4.5 42.3 ar.z
Cattle 727 2.1 29.3 52.4
2005-Movember 30, 2010
Dogs 586 4.3 35.5 60.3
Cats 2571 6.0 38.3 55.7
Horses 994 4.9 37.3 57.8
Cattle 385 0.8 24.4 74.8

Figure 1.1. Example of an anesthetic record.

Source: Muir W.W. 2007. Considerations for general anesthesia. In: Lumb and Jones’ Veterinary Anesthesia and
Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing, p. 26.
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As long as anesthetics are administered, the hazard of death can never be eliminated
completely; however, it can be minimized, particularly if one is willing to investigate and to
learn from mistakes. Once an anesthetic fatality has occurred, the sequence of the perioperative
events preceding the death should be reviewed, their significance should be evaluated, and a
necropsy should be recommended to piece together its pathogenesis and etiology. Armed with
this information, the practitioner can then take steps to prevent a recurrence.

Record keeping

The American College of Veterinary Anesthesiologists (ACVA) has recently updated its



recommendations for anesthetic monitoring, with the intention of improving the care of
veterinary patients. The ACVA recognizes that some of the methods may be impractical in
certain clinical settings and that anesthetized patients can be monitored and managed without
specialized equipment. The aspects of anesthetic management addressed by the ACVA
guidelines that deserve careful attention include patient circulation, oxygenation, ventilation,
record keeping, and personnel.

To obtain meaningful data concerning anesthesia, certain information must be collected. An
individual record must be made for each animal anesthetized. Among the items that should be
recorded in the anesthetic or patient record are:

(1) Patient identification, species, breed, age, gender, weight, and physical status of the

animal.

(2) Surgical procedure or other reason for anesthesia.

(3) Preanesthetic agents given (dose, route, and time).

(4) Anesthetic agents used (dose, route, and time).

(5) Person administering anesthesia (veterinarian, technician, student, or lay personnel).

(6) Duration of anesthesia.

(7) Supportive measures.

(8) Difficulties encountered and methods of correction.

It is necessary that each step of anesthetic administration be recorded in an anesthetic record
(Figure 1.1). Minimally, the pulse and respiratory rate should be monitored at 5-minute
intervals and recorded at 10-minute intervals. Trends in these parameters thus become
apparent before a patient’s condition severely deteriorates, so that remedial steps may be
taken.

Revised from “Considerations for General Anesthesia” by William W. Muir; “Monitoring
Anesthetized Patients” by Steve C. Haskins; and “Drug Interactions” by Mark G. Papich in
Lumb & Jones’ Veterinary Anesthesia and Analgesia, Fourth Edition.



Chapter 2

Anesthetic physiology and pharmacology

William W. Muir, Wayne N. McDonell, Carolyn L. Kerr, Kurt A.
Grimm, Kip A. Lemke, Keith R. Branson, Hui-Chu Lin, Eugene
P. Steffey, Khursheed R. Mama, Elizabeth A. Martinez, and
Robert D. Keegan

Cardiovascular anatomy and physiology

The uptake, distribution, and elimination of anesthetic drugs depend on blood flow. The
cardiovascular system, which is composed of the heart, blood vessels, lymph vessels, and
blood, is designed to supply a continuous flow of blood to all tissues of the body.

Heart

The heart is composed of four chambers: two thin-walled atria separated by an interatrial
septum, and two thick-walled ventricles separated by an interventricular septum. The atria
receive blood returning from the systemic circulation (right atrium [RA]) and pulmonary
circulation (left atrium [LLA]), and to a limited degree act as storage chambers. The ventricles,
the major pumping chambers of the heart, are separated from the atria by the tricuspid valve on
the right side and the mitral valve on the left side. The ventricles receive blood from their
respective atria and eject it across semilunar valves (the pulmonic valve between the right
ventricle [RV] and pulmonary artery and the aortic valve between the left ventricle [LV] and
aorta) into the pulmonary circulation and systemic circulation, respectively.

Once the process of cardiac contraction is initiated, almost simultaneous contraction of the
atria is followed by nearly synchronous contraction of the ventricles, which results in pressure
differences between the atria, ventricles, and pulmonary and systemic circulations. Cardiac
contraction produces differential pressure changes that are responsible for atrioventricular
(AV) and semilunar valve opening and closing and the production of heart sounds. Chordae
tendineae originating from papillary muscles located on the inner wall of the ventricular
chambers are attached to the free edges of the AV valve leaflets and help to maintain valve
competence and prevent regurgitation of blood into the atrium during ventricular contraction.
Alteration in heart chamber geometry (e.g., stretch or hypertrophy) produced by changes in
blood volume, deformation (pericardial tamponade), or disease can have profound effects on



myocardial function, as do the effects produced by neurohumoral, metabolic, and
pharmacological perturbations.

Blood vessels

The large and small vessels of the pulmonary and systemic circulations facilitate the delivery
of blood to the exchange sites in the pulmonary and systemic capillary beds and return blood to
the heart. The aorta and other large arteries compose the high-pressure portion of the systemic
circulation and are relatively stiff compared to veins, possessing a high proportion of elastic
tissue in comparison to smooth muscle and fibrous tissues. The flow of blood to peripheral
tissues throughout the cardiac cycle (contraction — relaxation — rest) has been termed the
Windkessel effect. The Windkessel effect is believed to be responsible for as much as 50% of
peripheral blood flow in most species during normal heart rates (HRs). Tachyarrhythmias and
vascular diseases (stiff nonelastic vessels) hamper the Windkessel effect and produce
distinctive changes in the arterial pressure waveform. More distal larger arteries contain
greater percentages of smooth muscle compared to elastic tissue and act as conduits for the
transfer of blood under high pressure to tissues. The most distal small arteries, terminal
arterioles, and arteriovenous anastomoses contain a predominance of smooth muscle, are
highly innervated, and function as resistors that regulate the distribution of blood flow, aid in
the regulation of systemic blood pressure (BP), and modulate tissue perfusion pressure. The
capillaries are the functional exchange sites for oxygen, nutrients, electrolytes, cellular waste
products, and other substances. Capillaries are of three different types: continuous (lung and
muscle), fenestrated (kidney and intestine), and discontinuous (liver, spleen, and bone
marrow).

Postcapillary venules are composed of an endothelial lining and fibrous tissue and function
to collect blood from capillaries. Some venules act as postcapillary sphincters, and all venules
merge into small veins. Small and larger veins contain increasing amounts of fibrous tissue in
addition to smooth muscle and elastic tissue, although their walls are much thinner than
comparably sized arteries. Many veins contain valves that act in conjunction with external
compression (contracting muscles and pressure differences in the abdominal and thoracic
cavities) to facilitate venous return of blood to the RA. The venous system also acts as a major
blood reservoir. Indeed, 60 — 70% of the blood volume may be stored in the systemic venous
vasculature during resting conditions (Figure 2.1).

Two additional structural components that are important during normal circulatory function
are arteriovenous anastomoses and the lymphatic system. Arteriovenous anastomoses bypass
capillary beds. They possess smooth muscle cells throughout their entire length and are located
in most, if not all, tissue beds. Most arteriovenous anastomoses are believed to be important in
regulating blood flow to highly vascular tissue (skin, feet, and hooves). Their role in
maintaining normal homeostasis, however, is speculative other than for thermoregulation.

Figure 2.1.The cardiovascular system is comprised of the heart, blood, and two parallel
circulations (pulmonary and systemic). Pulmonary circulation: The pulmonary artery carries



blood from the right ventricle (RV) to the lungs, where carbon dioxide is eliminated and
oxygen is taken up. Oxygenated blood returns to the left atrium (LA) via the pulmonary veins.
Systemic circulation: Blood is pumped by the left ventricle (LV) into the aorta, which
distributes blood to the peripheral tissues. Oxygen and nutrients are exchanged for carbon
dioxide and other by-products of tissue metabolism in capillary beds, after which the blood is
returned to the right atrium (RA) through the venules and large systemic veins.

Sources: Modified from Shepherd J.T., Vanhoutte PM. 1979. The Human Cardiovascular System; Facts and Concepts,
1st ed. New York: Raven; and Muir W.W. 2007. Cardiovascular system. In: Lumb and Jones’ Veterinary Anesthesia and
Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing, Ames, IA, p. 62.
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The peripheral lymphatic system is not anatomically part of the blood circulatory system.
Nevertheless, it is integrally involved in maintaining normal circulatory dynamics, especially
interstitial fluid volume (approximately 10% of the capillary filtrate). Lymphatic capillaries
collect interstitial fluid—Ilymph—which is eventually returned to the cranial vena cava and RA
after passing through a series of lymph vessels, lymph nodes, and the thoracic duct. Lymph
vessels have smooth muscle within their walls and contain valves similar to those in veins.
Contraction of skeletal muscle (lymphatic pump) and lymph vessel smooth muscle, in
conjunction with lymphatic valves, are responsible for lymph flow.



Blood

Blood is a suspension of red (erythrocytes) and white (leukocytes) blood cells and platelets
(thrombocytes) in plasma. The most essential function of blood is to deliver oxygen to tissues.
Oxygen is relatively insoluble in plasma (0.003 mL oxygen per 100 mL blood per 1 mm Hg
partial pressure of oxygen [PO,]; approximately 0.3mL oxygen per 100 mL blood at PO, = 100
mm Hg). The erythrocytes transport much larger amounts of oxygen than can be carried in
solution, and functionally the amount that can be carried depends on the amount of hemoglobin
(Hb) in the erythrocytes. The affinity of Hb for oxygen depends on the partial pressure of
carbon dioxide (PCO,), pH, body temperature, the intraerythrocyte concentration of 2,3-
diphosphoglycerate, and the chemical structure of Hb (Figure 2.2). Once the amount of
deoxygenated Hb (unsaturated Hb) exceeds 5 g/100 mL of blood, the blood changes from a
bright red to a purple-blue color (cyanosis). Some of the carbon dioxide produced by
metabolizing tissues binds to deoxygenated Hb and is eliminated by the lungs during the Hb
oxygenation process prior to the blood returning to the systemic circulation and the cycle
repeating itself.

Figure 2.2.The oxyhemoglobin dissociation curve illustrates the relationship between the
blood partial pressure of oxygen (PO,) and the saturation of hemoglobin (Hb) with oxygen
(O,). Note that this curve is shifted to the right (Hb has less affinity for O,) by acidosis,

increased body temperature, and the enzyme 2,3-diphosphoglycerate (2,3-DPG). This effect
helps to unload O, from Hb in tissues and increases the Hb affinity for O, in the lungs. The

total arterial oxygen content (CaO,) is determined by the total blood Hb concentration, its
percent saturation (%Sa0,), and the PaO,.

Source: Muir W.W. 2007. Cardiovascular system. In: Lumb and Jones’ Veterinary Anesthesia and Analgesia, 4th ed.
W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing, p. 64.
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Maintaining adequate tissue oxygenation depends on oxygen uptake by the lungs, oxygen
delivery (DO,) to and oxygen extraction (OE) by tissues, and oxygen use by the metabolic

machinery within cells. The factors that determine the supply of oxygen to tissues are Hb
concentration, the affinity of Hb for oxygen (Ps), the saturation of Hb with oxygen (Sa0O,), the



arterial oxygen partial pressure (PaO,), the cardiac output (CO), and the tissue oxygen
consumption (VO,). The Fick equation (VO, = CO [CaO, — CvO,]) contains all the essential
components of this relationship. Arterial blood oxygen content (CaO,) is calculated by CaO, =
Hb x 1.35 x SaO, + (PaO, x 0.003). Arterial blood (Hb = approximately 15g/dL at packed
cell volume [PCV] = 45%), for example, contains approximately 20-21 mL of oxygen/dL of
blood when the SaO, = 100% and the PaO, = 100 mm Hg (room air). The venous blood
oxygen content (CvO,) is generally 14-15 ml/dL, yielding an OE ratio of 0.2-0.3 (20-30%).
An increase in arterial blood lactate concentration is the cardinal sign of inadequate oxygen

delivery to metabolizing tissues and suggests that oxygen consumption has become delivery
dependent or that some defect in tissue OE or use has developed.

Pressure, resistance, and flow

In electric circuits, current flow (I) is determined by the electromotive force or voltage (E) and
the resistance to current flow (R); according to Ohm’s law:

I=E/R

The flow of fluids (Q) through nondistensible tubes depends on pressure (P) and the
resistance to flow (R). Therefore, Q = P/R.

The resistance to blood flow is determined by blood viscosity (1) and the geometric factors
of blood vessels (radius and length). The steady, nonpulsatile, laminar flow of Newtonian
fluids (homogenous fluids in which viscosity does not change with flow velocity or vascular
geometry), like water, saline, and, under physiological conditions, plasma, can be described by
the Poiseuille-Hagen law, which states:

Q= (P, -P,)r*n/8Ln; R =8Ln/rm,
where P, — P, is the pressure difference, r* is the radius to the fourth power, L is the length of

the tube, n is the viscosity of the fluid, and n/8 is a constant of proportionality. The
maintenance of laminar flow is a fundamental assumption of the resistance offered to steady-
state fluid flow in the Poiseuille — Hagen equation.

The relationship between vessel (or chamber when describing the heart)-distending
pressure, vessel diameter, vessel wall thickness, and vessel wall tension is described by
Laplace’s law:

P=2Th/rorT=Pr/2h,

where T is wall tension, P is developed pressure, r is the internal radius, and h is the wall
thickness. This relationship is important because it relates pressure and vessel dimension to
changes in developed tension, which is known to be an important determinant of ventricular—
vascular coupling (afterload), myocardial work, and myocardial oxygen consumption.

Blood pressure



BP in arteries, whether measured directly or indirectly, is frequently assessed during
anesthesia. Arterial BP measurement is one of the fastest and most informative means of
assessing cardiovascular function and provides an accurate indication of drug effects, surgical
events, and hemodynamic trends.

The factors that determine arterial BP are HR, stroke volume (SV), vascular resistance,
arterial compliance, and blood volume. Mean arterial BP is a key component in determining
tissue perfusion pressure and the adequacy of tissue blood flow. Perfusion pressures greater
than 60 mm Hg are generally thought to be adequate for perfusion of tissues. Structures like the
heart (coronary circulation), lungs (pulmonary circulation), kidneys (renal circulation), and the
fetus (fetal circulation) contain special circulations where changes in perfusion pressure can
have immediate effects on organ function. Clinically, arterial BP is generally measured as

mean arterial pressure. When mean arterial BP cannot be directly assessed, it is estimated by
this formula:

l:)Lllzlj:.i—"ll'Ilr3 (Pﬁ_Pd)-

where P, P, and P4 are mean (m), systolic (s), and diastolic (d) BPs, respectively (Figure
2.3). Both P, and P 4 can be measured (estimated) indirectly using either Doppler or

oscillometric techniques. Most drugs used to produce anesthesia decrease CO and peripheral
vascular resistance. However, vasoconstricting drugs (e.g., alpha, adrenergic agonists) can

increase peripheral vascular resistance and maintain BP in physiological ranges while
dramatically decreasing CO and blood flow to certain tissues (e.g., skin and skeletal muscle)

(Figure 2.4).
The arterial pulse pressure (P, — Py) and pulse-pressure waveform analysis can provide

valuable information regarding changes in vascular compliance and vessel tone. Generally,
drugs (phenothiazines) or diseases (endotoxic shock) that produce marked arterial dilation
increase vascular compliance, causing a rapid rise, short duration, and rapid fall in the arterial
waveform while increasing the arterial pulse pressure. Situations that produce
vasoconstriction decrease vascular compliance, producing a longer duration pulse waveform
and a slower fall in the systolic BP to diastolic values. The pulse pressure may contain
secondary and sometimes tertiary pressure waveforms, particularly if the measuring site is in a
peripheral artery some distance from the heart.

Nervous, humoral, and local control

Regulation of the cardiovascular system is integrated through the combined effects of the
central and peripheral nervous systems, the influence of circulating (humoral) vasoactive
substances, and local tissue mediators that modulate vascular tone. These regulatory processes
maintain blood flow at an appropriate level while distributing blood flow to meet the needs of
tissue beds that have the greatest demand.

Figure 2.3. Arterial BP is determined by both physiological and physical factors. The mean



arterial pressure (P_,) represents the area under the arterial pressure curve divided by the

duration of the cardiac cycle and can be estimated by adding one-third the difference between
the systolic arterial pressure (P,) and diastolic arterial pressure (P4) to P4. P, minus Pd is the

pulse pressure.

Sources:Modified from Berne R.M., Levey M.N. 1990. Principles of Physiology, 1st ed. St. Louis, MO: Mosby; and
Muir W.W. 2007. Cardiovascular system. In: Lumb and Jones’ Veterinary Anesthesia and Analgesia, 4th ed. W.J.
Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing, p. 92.
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Cardiac electrophysiology

Normal cardiac electrical activity is essential for normal cardiac contractile function
(excitation—contraction coupling). The cardiac cell membrane (sarcolemma) is a highly
specialized lipid bilayer that contains protein-associated channels, pumps, enzymes, and
exchangers in an architecturally sophisticated, yet fluid (reorganizable and movable), medium.
Most drugs and many anesthetic drugs produce important direct and indirect effects on the cell
membrane and intracellular organelles, ultimately altering cardiac excitation-contraction

coupling (Figure 2.5).
Figure 2.4. CO is equal to heart rate (HR) times stroke volume (SV), or arterial blood

pressure (BP) divided by peripheral vascular resistance (PVR). Increases in HR, cardiac
contractility, and preload, and decreases in afterload can all increase CO. Preload and



afterload are considered to be coupling factors because they depend on vascular resistance,
capacitance, and compliance.

Source: Muir W.W. 2007. Cardiovascular system. In: Lumb and Jones’ Veterinary Anesthesia and Analgesia, 4th ed.
W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing, p. 81.
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The cardiac pacemaker (sinoatrial or SA node) normally suppresses the automaticity of
slower or subsidiary pacemakers (overdrive suppression), preventing more than one
pacemaker from controlling HR. Initiation of an electric impulse in the SA node is followed by
rapid electrochemical transmission of the impulse through the atria, giving rise to the P wave.
Repolarization of the atria gives rise to the Ta wave, which is most obvious in large animals
(horses and cattle), where the total atrial tissue mass is substantial enough to generate enough
electromotive force to be electrocardiographically recognizable. Repolarization of the atria in
smaller species (dogs and cats) and depolarization of the SA and AV nodes do not generate a
large enough electric potential to be recorded at the body surface except in some cases of sinus
tachycardia. Once the wave of depolarization reaches the AV node, conduction is slowed
because of the AV node’s low resting membrane potential. Increased parasympathetic tone can
produce marked slowing of AV nodal conduction, leading to first-degree, second-degree, and,
rarely, third-degree heart block. Many drugs used in anesthesia, including opioids, alpha,

adrenergic agonists, and occasionally acepromazine, increase the parasympathetic tone,
predisposing patients to heart block and bradyarrhythmias. The use of antimuscarinic drugs
such as atropine and glycopyrrolate is generally effective therapy in these situations unless the
block is caused by structural disease (e.g., inflammation, fibrosis, or calcification).

Under normal conditions, conduction of the electric impulse through the AV node produces
the PR or PQ interval of the electrocardiogram (ECG) and provides time for the atria to
contract prior to activation and contraction of the ventricles. This delay is functionally
important, particularly at faster HRs, because it enables atrial contraction to contribute to
ventricular filling. Once the electric impulse has traversed the AV node it is rapidly transmitted
to the ventricular muscle by specialized muscle cells commonly referred to as Purkinje fibers.
Bundles of Purkinje cells—the right and left bundle branches—transmit the electric impulses
to the ventricular septum and the right and left ventricular free walls, respectively. Their
distribution accounts for differences in the pattern of the ECG (ventricular depolarization)



among species. Purkinje fibers have much longer action potentials and refractory periods than
do ventricular muscle cells, which normally prevents reentry of the electric impulse and
reactivation of the ventricles.

Figure 2.5. The cardiac cycle diagrammatically illustrates the relationship between
mechanical, acoustical, and electrical events as a function of time. Isovol. contract.,
isovolumetric contraction; Isovol. relax, isovolumetric relaxation.

Sources: Modified from Berne R.M., Levey M.N. 1990. Principles of Physiology, 1st ed. Louis, MO: Mosby; and Muir
W.W. 2007. Cardiovascular system. In: Lumb and Jones’ Veterinary Anesthesia and Analgesia, 4th ed. W.J. Tranquilli,
J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing, p. 78.
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The configuration and magnitude of the T wave vary considerably among species and are
influenced by changes in HR, temperature, and the extracellular potassium concentration.
Hyperkalemia, for example, produces an increase in membrane conductance to potassium. This
shortens repolarization and produces T waves that are of large magnitude, generally spiked or
pointed, and of short duration (short QT interval).

The interval beginning immediately after the S wave of the QRS complex (J point) and
preceding the T wave is referred to as the ST segment and is important clinically. Elevation or



depression of the ST segment (+0.2 mV or greater) from the isoelectric line is usually an
indication of myocardial hypoxia or ischemia, low CO, anemia, pericarditis, or cardiac
contusion, and suggests the potential for arrhythmia development.

Determinants of performance and output

Clinically, M-mode and color-flow Doppler echocardiography are used to assess ventricular
function. These techniques provide a dynamic temporal representation of cardiac function and,
when coupled with hemodynamic computer software analysis systems, a pictorial and
quantitative assessment of cardiac performance.

The oxygen requirements of tissues are met by the continuous adjustment of CO, which is the
product of HR and SV:

CO=HR xSV

SV is the amount of blood ejected from the ventricle during contraction and therefore
represents the difference between the end-diastolic and end-systolic ventricular volumes.

Preload

Preload is usually explained in terms of the Frank—Starling relationship or as heterometric
autoregulation: increases in myocardial fiber length (ventricular volume) increase the force of
cardiac contraction and CO. Whether or not individual sarcomeres actually increase in length
(stretch) with increases in ventricular volume is controversial. Because of the difficulty in
accurately determining ventricular volume in the clinical setting, ventricular diameter,
ventricular end-diastolic pressure, pulmonary capillary wedge pressure, and, occasionally,
mean atrial pressure are used as estimates of preload. The substitution of pressure for volume,
although common, must be done with the understanding that there are many instances (open-
chest procedures and stiff or noncompliant hearts) when pressure does not accurately represent
changes in ventricular volume and therefore is not an accurate index of preload.

Afterload

The term afterload is used throughout the basic and clinical cardiology literature to describe
the force opposing ventricular ejection. One major reason for the great interest in this
physiological determinant of cardiac function is its inverse relationship with SV and its direct
correlation with myocardial oxygen consumption. Afterload changes continuously throughout
ventricular ejection and is more accurately described by the tension (stress) developed in the
left ventricular wall during ejection or as the arterial input impedance (Zj). Ventricular wall
stress or tension has traditionally been estimated from the Laplace relationship:

tension (T)=Pr/2h
It is noteworthy that using this assessment of ventricular afterload assumes a spherical
ventricular geometry.
The measurement of systemic vascular resistance (SVR) is used clinically as a measure of



afterload and vascular tone because it is technically simple to obtain and intuitively easier to
understand.

Inotropy

Cardiac contractility (inotropy) is the intrinsic ability of the heart to generate force. A decrease
in cardiac contractility is a key factor in heart failure in patients with cardiac disease or
following the administration of potent negative inotropic drugs (e.g., inhalant anesthetics).
Ideal indexes of cardiac contractility should be independent of changes in HR, preload,
afterload, and cardiac size—in other words, be load independent.

Lusitropy

A description of the relaxation phases following cardiac contraction is often omitted from
textbooks of cardiovascular physiology, but is fundamentally important to an understanding of
cardiac performance. Mechanical factors, loading factors, inotropic activity, HR, and
asynchronicity (patterns of relaxation) are the major determinants of lusitropy.

Respiratory system physiology

Maintenance of adequate respiratory function is a requirement for successful anesthesia.
Inadequate tissue oxygenation at a severe level may lead to acute death. Excessive elevations
in arterial carbon dioxide (CO,) tensions (arterial CO, partial pressure [PaCO,]) or sustained

moderate hypoxemia may produce some level of organ dysfunction, which contributes to a less
than optimal anesthetic recovery.

During general anesthesia, there is always a tendency for arterial oxygen tensions (Pa0O2) to
be less than observed with the same species while conscious and breathing the same fraction
of inspired oxygen concentration (FiO,). There is also a tendency for PaCO, to be elevated

above the conscious resting values if the anesthetized animal is breathing spontaneously, and
for increases in airway resistance to occur unless an endotracheal tube is used. Some
differences are seen, depending on the actual anesthetic regimen used, but the depth of
anesthesia is often more of a factor.

Definitions
Respiration is the overall process whereby oxygen is supplied to and used by body cells and
carbon dioxide is eliminated by means of partial pressure gradients. Ventilation is the
movement of gas into and out of alveoli. The ventilatory requirement for homeostasis varies
with the metabolic requirement of animals, and it thus varies with body size, level of activity,
body temperature, and depth of anesthesia. Inadequate ventilation to meet the gas exchange
requirements of metabolism is termed respiratory depression or hypoventilation. It is
manifested clinically as an increase in PaCO, and a respiratory acidosis. When breathing high



FiO,, Hb saturation does not decrease unless hypoventilation is severe. Pulmonary ventilation
is accomplished by thoracic cavity expansion and elastic contraction of the lungs. Several
terms are used to describe the various types of breathing patterns that may be observed:

(1). Eupnea is ordinary quiet breathing.

(2). Dyspnea is labored breathing.

(3). Tachypnea is increased respiratory rate.

(4). Hyperpnea is fast and/or deep respiration, indicating “overrespiration.”

(5). Polypnea is a rapid, shallow, panting type of respiration.

(6). Bradypnea is slow regular respiration.

(7). Hypopnea is slow and/or shallow breathing, possibly indicating “underrespiration.”

(8). Apnea is transient (or longer) cessation of breathing.

(9). Cheyne-Stokes respirations increase in rate and depth, and then become slower,

followed by a brief period of apnea.

(10). Biot’s respirations are sequences of gasps, apnea, and several deep gasps.

(11). Kussmaul’s respirations are regular deep respirations without pause.

(12). Apneustic respiration occurs when an animal holds an inspired breath at the end of an

inhalation for a short period before exhaling. Apneustic breathing is commonly seen with

dissociative anesthetic administration (e.g., ketamine or Telazol®).

To describe the events of pulmonary ventilation, air in the lungs has been subdivided into
four different volumes and four different capacities (Figure 2.6). Only tidal volume (Vy) and
functional residual capacity (FRC) can be measured in conscious uncooperative animals:

(1) Vg is the volume of air inspired or expired in one breath.

(2) Inspiratory reserve volume (IRV) is the volume of air that can be inspired over and above

the normal V7.

(3) Expiratory reserve volume (ERV) is the amount of air that can be expired by forceful
expiration after a normal expiration.
(4) Residual volume (RV) is the air remaining in the lungs after the most forceful expiration.

Figure 2.6. Lung volumes and capacities. TLC, FRC, and RV cannot be measured with
spirometry. IRV, ERV, and IC are not included in the diagram.

Source: West J.B. 2001. Chronic obstructive pulmonary disease. In: Pulmonary Physiology and Pathophysiology: An
Integrated, Case-Based Approach. Baltimore, MD: Lippincott Williams & Wilkins. Baltimore, p. 39.
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Another term frequently used is the minute respiratory volume or minute ventilation (Vg).
This is equal to V times the respiratory frequency (f). Occasionally, it is desirable to consider
two or more of the aforementioned volumes together. Such combinations are termed pulmonary
capacities:

(1) Inspiratory capacity (IC) is the V plus the IRV. This is the amount of air that can be

inhaled starting after a normal expiration and distending the lungs to the maximum amount.

(2) FRC is the ERV plus the RV. This is the amount of air remaining in the lungs after a

normal expiration. From a mechanical viewpoint, at FRC the inward “pull” of the lungs due

to their elasticity equals the outward “pull” of the chest wall.

(3) Vital capacity (VC) is the IRV plus the Vt plus the ERV. This is the maximum amount of

air that can be expelled from the lungs after first filling them to their maximum capacity.
(4) Total lung capacity (TLC) is the IRV plus the Vy plus the ERV plus the RV, or the

maximum volume to which the lungs can be expanded with the greatest possible inspiratory
effort (or by full inflation to 30-cm H,O airway pressure when a patient is anesthetized).

Control of respiration

With the aid of the circulation, respiration maintains the oxygen, CO,, and pH of the cell.

Respiratory function is controlled by central respiratory centers, central and peripheral
chemoreceptors, pulmonary reflexes, and nonrespiratory neural input. The central neural
“controller” includes specialized groups of neurons located in the cerebrum, brain stem, and
spinal cord that govern both voluntary and automatic ventilation through regulation of the
activity of the respiratory muscles. The respiratory muscles, by contracting, expand the chest
cavity and produce alveolar ventilation (V,). Changes in V, affect blood gas tensions and
hydrogen ion concentration. Blood gas tensions and hydrogen ion concentrations are monitored
by peripheral and central chemoreceptors that return signals to the central controller to provide
necessary adjustments in V,. Mechanoreceptors in the lungs and stretch receptors in the



respiratory muscles monitor, respectively, the degree of expansion or stretch of the lungs and
the “effort” of breathing, feeding back information to the central controller to alter the pattern
of breathing. Adjustments also occur to accommodate nonrespiratory activities such as
thermoregulation and vocalization.

Overall, this complex control system produces a combination of f and depth that is best
suited for optimum ventilation with minimal effort for the particular species, and that adjusts
oxygen supply and CO, elimination so as to maintain homeostasis (reflected by stable arterial

blood gas levels) over a wide range of environmental and metabolic situations. Sedatives,
analgesics, anesthetics, and the equipment used for inhalational anesthesia may profoundly
alter respiration and the ability of an animal to maintain cellular homeostasis.

The important factor in pulmonary ventilation is the rate at which alveolar gas is exchanged
with atmospheric air. This is not equal to the alveolar minute ventilation volume because a
large portion of inspired air is used to fill the respiratory passages (anatomic dead space,
Vpanat), Father than alveoli, and no significant gaseous exchange occurs in this air. The f and Vy
determine the V. The “effective” volume, or portion of Vy that contributes to gas exchange, is
the alveolar volume, usually referred to as minute V. Nonperfused alveoli do not contribute to
gas exchange and constitute alveolar dead space (Vp,). Physiological dead space (Vp)
includes Vp, . and Vp,, and is usually expressed as a minute value (Vp) along with V,, or as
a ratio of Vp/Vr (Figure 2.7).

Hypoxia refers to any state in which the PO, in the lungs, blood, and/or tissues is abnormally

low, resulting in abnormal tissue metabolism and/or cellular damage. Hypoxemia refers to
insufficient oxygenation of blood to meet the metabolic requirement. In spontaneously breathing
animals, hypoxemia is characterized by PaO, levels lower than the normal for the species.

Resting PaO, levels in domestic species generally range from 80 to 100 mm Hg in healthy,
awake animals at sea level. Some clinicians consider a PaO, below 70 mm Hg (ca. 94% Hb

saturation) as hypoxemia in animals at or near sea level, although the clinical significance of
this degree of blood oxygen tension would vary depending on factors such as the health and age
of an animal, Hb concentration, and the duration of low oxygen tension in relation to the rate of
tissue metabolism (e.g., hypothermic patients would be at less risk).

Oxygen transport

Under normal conditions, oxygen is taken into the pulmonary alveoli and CO, is removed from

them at a rate that is sufficient to maintain the composition of alveolar air at a relatively
constant concentration. In the lungs, gas is exchanged across both the alveolar and the capillary
membranes. The total distance across which the exchange takes place is less than 1 |m;
therefore, it occurs rapidly. Other than at high exercise levels, equilibrium almost develops
between blood in the lungs and air in the alveolus, and the PO, in the pulmonary venous blood

almost equals the PO, in the alveolus. While diffusion of oxygen across the alveolar-capillary



space is a theoretical barrier to oxygenation, it is seldom a practical problem during veterinary
anesthesia unless significant pulmonary edema or disease is present.

Figure 2.7. Schematic of uneven ventilation and blood flow. The alveolus on the left is
ventilated, but not perfused, and thus is considered to be alveolar dead space, whereas the
alveolus on the right is perfused, but not ventilated, and thus contributes to venous admixture or
shunt flow. The center alveolus is perfused and ventilated equally and thus would have a V/Q
ratio of 1.0. Relevant equations are shown, respectively, as Equations 1-4 for calculation of
the dead space/Vy ratio, the alveolar partial pressure of oxygen (P,0,), the alveolar-to-arterial

partial pressure of oxygen P(A — a)0, difference, and the venous admixture (Q/QT) fraction.

Source: Reproduced from Robinson NE. 1991. The respiratory system. In: Equine Anesthesia: Monitoring and
Emergency Therapy. W.W. Muir and J.E. Hubbell, eds. St. Louis, M0O: Mosby Year Book, pp. 7-38. With permission by
Elsevier.
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The normal average alveolar composition of respiratory gases in humans is listed below. At
normal human body temperature, alveolar air is saturated with water vapor, which has a
pressure of 48 mm Hg at 37°C. If the barometric pressure in the alveolus is 760 mm Hg (sea
level), then the pressure due to dry air is 760—48 = 712 mm Hg. Knowing the composition of
alveolar air, one can calculate the partial pressure of each gas in the alveolus:

0, =(760—48)x0.14 = 100 mm Hg,
CO, =(T760—- 48)x0.056 = 40 mm Hg,
N, = (760 —48)x0.80 = 570 mm Hg
The PO, in the lungs at sea level is thus approximately 100 mm Hg at 37-38°C. Under these

conditions, 100mL of plasma will hold 0.3 mL of oxygen in physical solution. Whole blood,
under the same conditions, will hold 20 mL of oxygen, or about 60 times as much as plasma.



CO, is similarly held by blood. Thus, it is apparent that oxygen and CO2 in blood are

transported largely in chemical combination, since both are carried by blood in much greater
quantities than would occur if simple absorption took place. At complete saturation, each gram
of Hb combines with 1.36—1.39mL of oxygen. This is the total carrying capacity of Hb, or four
oxygen molecules combined with each Hb molecule. The ability of Hb to combine with oxygen
depends on the PO, in the surrounding environment. The degree to which it will become

saturated at various PO, values varies considerably. It is adjusted so that, even when

ventilation is inefficient or the supply of oxygen is sparse at higher altitudes, the degree of
saturation still approaches 100%. For instance, although it is probably not fully saturated until
itis exposed to a PO, of 250 mm Hg, Hb is approximately 94% saturated when the PO, is only

70 mm Hg,

Carbon dioxide transport

Arterial CO, levels are a function of both CO, elimination and production, and under normal
circumstances PaCO, levels are maintained within narrow limits. During severe exercise, the
production of CO, is increased enormously, whereas during anesthesia, production likely
decreases. Elimination of CO, depends on pulmonary blood flow (CO) and VA. Normally, the
production of CO, parallels the oxygen consumption according to the respiratory quotient: R =
VCO,/VO,. Although the value varies depending on the diet, usually R is 0.8 at steady state.

A CO, pressure gradient, opposite to that of oxygen and much smaller, exists from the tissues

to the atmospheric air: tissues = 50 mm Hg (during exercise, this may be higher); venous blood
= 46 mm Hg; alveolar air = 40 mm Hg; expired air = 32 mm Hg; atmospheric air = 0.3 mm Hg;
and arterial blood = 40 mm Hg (equilibrium with alveolar air). Carbon dioxide is carried from
the mitochondria to the alveoli in a number of forms. In the plasma, some CO, is transported in
solution (5%), and some combines with water and forms carbonic acid, which in turn
dissociates into bicarbonate and hydrogen ions (5%). Most (ca. 90%) of the CO, diffuses into
the red cells, where it is either bound to Hb or transformed (reversibly) to bicarbonate and
hydrogen ions through the action of the enzyme carbonic anhydase. The formation of
bicarbonate in the red blood cell is accompanied by the chloride shift (this accounts for
approximately 63% of the total CO, transport). Just as the amount of oxygen transported by the

blood depends on the PO, to which the blood is exposed, so is CO, transport likewise
affected; however, the CO, dissociation curve is more or less linear. Thus, in contrast to the

minimal effects on oxygen content, hyperventilation and hypoventilation may have marked
effects on the CO, content of blood and tissues.

Normal control mechanisms

As important as the detailed information referred to earlier is in helping us understand the



respiratory adaptations to high altitude, disease, and exercise for the successful management of
clinical anesthesia, a much simplified understanding of the control of respiration will suffice.
In conscious animals, Vy and V, are primarily determined by central chemoreceptor

responsiveness to PaCO, levels. The central chemoreceptors, located on the ventral surface of

the medulla and bathed by cerebrospinal fluid (CSF), are exquisitely sensitive to changes in
PaCO, levels because CO, is readily diffusible into CSF and the central chemoreceptor cell.

The changes in PaCO, are probably ultimately detected as a change in the pH within the

chemoreceptor cell. A fall in arterial pH will also stimulate respiration through the central and
peripheral chemoreceptors, as seen with metabolic acidosis. The peripheral chemoreceptors,
which are located in the carotid and aortic bodies, generally play a significant part in
respiratory drive only when PaO, levels fall below 60 mm Hg.

The apneustic and pneumotaxic centers, and pulmonary and airway receptors, are primarily
responsible for adjusting the balance between f and Vy to achieve a given level of V,, usually

in a way that minimizes the energy cost of breathing. Although the function of these receptors is
generally not considered to be greatly influenced by the action of anesthetic and perianesthetic
agents, they may play a part in some of the species differences we see in response to a
particular drug or group of drugs.

Apneic threshold

The apneic threshold is the PaCO, level where spontaneous ventilatory effort ceases. A PaCO,

reduction of 5-9 mm Hg from normal values through voluntary hyperventilation (a conscious
human), or by artificial ventilation of sedated or anesthetized animals, produces apnea. The
distance between the resting PaCO, level and the apnea threshold is relatively constant (i.e.,

5-9 mm Hg), irrespective of the anesthetic depth. Veterinary anesthetists use the apneic
threshold to control respiration (i.e., abolish spontaneous efforts) when putting an animal on a
ventilator, or to temporarily provide for a quiet surgical field without having to resort to the
use of muscle relaxant drugs.

Drug effect on control of ventilation
Anesthetics and some perianesthetic drugs alter the central and peripheral chemoreceptor
response to CO, and oxygen in a dose-dependent manner. This has important clinical

implications in terms of maintaining homeostasis during the perioperative period. There will
also be a diminution in external signs in hypoxemic or hypercarbic anesthetized animals.
Whereas unsedated animals usually demonstrate obvious tachypnea and an increase in Vp or
respiratory effort in response to serious hypoxemia or hypercapnia, these external signs of an
impending crisis may well be absent or greatly diminished in anesthetized animals.

Inhalants and injectable drugs



All of the general anesthetic agents in current use produce a dose-dependent decrease in the
response to CO,. With commonly used inhalant agents, the CO, response is almost flat at a

minimum alveolar concentration (MAC) of 2.0. The reduced sensory input and central
sensitivity to CO, produce a marked fall in V5, usually through a dose-related fall in V, with £

being reasonably well maintained. A proportional increase in Vp/V occurs because Vp, .. is
more or less constant. As a result of these changes, PaCO, levels increase as the anesthetic

dose is increased when animals breathe spontaneously. In light anesthetic planes (e.g., MAC
multiple of 1.2), PaCO, will generally remain moderately elevated, but stable, over many

hours of anesthesia, whereas at higher concentrations PaCO, increases progressively over

time. The degree of hypercarbia at equipotent doses of inhalant (and intravenous [IV])
anesthetic agents varies with the species and the degree of surgical stimulation.

Opioids

When given alone, opioids shift the CO, response curve to the right with little change in slope,
except at very high doses. This means that the resting PaCO, level might be a little higher in an
animal receiving a therapeutic dose of an opioid for premedication or postoperative recovery,
but that the response to further CO, challenge (from metabolism, airway obstruction, etc.) will

not be abolished. Clinically, when opioids are used at high doses as part of a balanced
anesthetic regimen, there is an additive effect of the opioid depression of the respiratory center
and the general anesthetic, and considerable hypercarbia or even apnea may be produced. At
the doses commonly employed for routine opioid premedication or postoperative analgesia in
veterinary practice, severe respiratory depression is very rarely seen; but mild/moderate
depression is common.

Tranquilizers

The phenothiazine and benzodiazepine sedatives often reduce the respiratory rate, especially if
an animal is somewhat excited prior to administration, but they do not appreciably alter
arterial blood gas tensions.

Sedatives and hypnotics

The alpha, adrenoceptor agonists produce a more complicated effect on respiration. When
used alone at sedative doses, the alpha, agonists exhibit little evidence of true respiratory

depression in healthy dogs or cats. There may be a decrease in respiratory rate and perhaps a
small increase in PaCO, levels, but PaO, levels are well maintained. The peripheral cyanosis

that has been reported in up to one-third of dogs sedated with medetomidine is believed to be
caused by the low blood flow through mucous membrane capillary beds and venous
desaturation, rather than a fall in arterial Hb saturation.

It is important to appreciate, however, that the degree of respiratory depression produced by



any alpha, agonist will be increased when the agonist is given along with other sedatives or

anesthetic agents. A number of studies have clearly demonstrated that medetomidine produces
elevated PaCO, levels and PaO, levels in the mildly hypoxic range (i.e., 60—70 mm Hg) when

combined with opioids, propofol, or ketamine at clinical doses in healthy animals.

Ventilation-perfusion relationships during anesthesia

The onset of general anesthesia or a change in body position often produces lower PaO, levels

than expected for the delivered concentration of inspired oxygen. This change can occur even
without hypoventilation and during both spontaneous and controlled breathing. Lower PaO, is

produced by altered ventilation/perfusion ratios within the lung. Much of what we know about
this phenomenon of altered gas exchange is derived from studies of the human response to
anesthesia, some experiments in dogs, and many studies on anesthetized horses. It is obvious
when one looks at the collective results that there are important species differences, although
the reason(s) for these differences are not always obvious.

Measurement of V/Q mismatch

When the barometric pressure, inspired oxygen concentration, PaCO.. and respiratory quotient
are known, the PAO, can be calculated by using one form of the alveolar air equation. The

difference between this value and the PaO. (i.e., the alveolar-to-arterial gradient [P(A — a)O,])

provides a convenient and practical measure of the relative efficiency of gas exchange. The
measured P(A — a)O, value increases as FiO, goes up for any given V/Q situation, and it is

imperative that the FiO. level be taken into account when comparisons are made. In practice,
most P(A — a)O, determinations are made at oxygen concentrations of 21% or near 100%.

The amount of venous admixture or pulmonary shunt flow can be determined if mixed venous
(pulmonary artery) and arterial blood oxygen contents are obtained along with a measurement
of CO and calculated PaO,. The terms venous admixture and shunt flow do not mean exactly

the same thing, although they are often used interchangeably in the literature, which causes
some confusion. Venous admixture refers to the degree of admixture of mixed venous blood
with pulmonary end-capillary blood that would be required to produce the observed difference
between the arterial and the end-capillary PO,. The end-capillary PO, is assumed to equal the

alveolar PO,. Venous admixture is a calculated amount (i.e., a proportion of CO) and includes
the PaO, lowering effect of low V/Q areas, blood flow past nonventilated areas, and true

anatomical shunt flow (bronchial and thebesian venous blood flow). When the inspired oxygen
level is high, blood passing low V/Q areas will be oxygenated, and the P(A — a)O, gradient

and determination of venous admixture is a measure of the total blood flow not contributing to
gas exchange, hence the term pulmonary shunt flow. Note that this flow includes both
anatomical shunt flow and flow past nonventilated or collapsed alveoli. If one knows the
inspired oxygen concentration and the PaO,, and assumes that the arterial-venous oxygen



difference is normal, an isoshunt diagram can be used to provide a convenient and reasonably
accurate estimate of the magnitude of pulmonary shunt flow.

Clinical implications of altered respiration during anesthesia

In reasonably healthy dogs and cats, the P(A — a)O, gradient and the degree of venous

admixture are less than in humans. Perhaps this is owing to the smaller lungs in these species
or to the difference in the chest wall changes during anesthesia, or perhaps because there is
excellent collateral pulmonary ventilation in these species. A high degree of collateral
ventilation means that if an alveolus is not ventilated via the airway, it may well receive gas
exchange through passages (pores of Kohn) leading to other alveoli that are ventilated. Despite
the relatively favorable situation in regard to V/Q mismatch in these species, a minimum
inspired oxygen level of 30-35% is still recommended. Obese, deeply anesthetized animals,
animals with a distended abdomen (e.g., pregnancy or bowel obstruction), or those with
pulmonary disease or space-occupying lesions of the thorax (tumor, pneumothorax,
hemothorax, or diaphragmatic hernia) are particularly at risk. Oxygen supplementation is
needed nearly as much in deeply sedated animals as in those receiving a general anesthetic (IV
or inhalant). This is why simple maneuvers such as placing a face mask with oxygen on a high-
risk patient before and during induction or use of a nasal oxygen catheter in the postoperative
period are beneficial.

When 100% oxygen mixtures are used with the common inhalant anesthetics in dogs and cats
free of serious cardiopulmonary disease, the arterial PaO, level is generally 450-525 mm Hg

whether the animal is breathing spontaneously or being ventilated and irrespective of body
position. With such high inspired oxygen levels, hypoxemia usually occurs only through
disconnection of the animal from the anesthetic machine, or with faulty placement of the
endotracheal tube, cardiac arrest, or apnea for over 5 minutes. Nevertheless, even with such
high PaO, levels, tissue hypoxia can occur if Hb levels are low or circulation is inadequate
(low CO). The decision to institute assisted or controlled intermittent positive pressure
ventilation (IPPV) is generally made to prevent or treat hypercapnia, rather than to achieve
oxygenation. Nearly all spontaneously breathing dogs and cats show some degree of
hypoventilation and hypercapnia (PaCO, of 45-55 mm Hg).

Here are a few guidelines relative to the respiratory component of anesthesia for dogs and
cats:

(1) Nearly all canine anesthetics are better done with an endotracheal tube in place, and in
many situations cats should be intubated.

(2) Use at least 30—35% inspired oxygen in all anesthetized dogs and cats, even those on an
injectable anesthetic mixture, or when deeply sedated.

(3) Hypoxemia is rare in spontaneously breathing dogs and cats if they are breathing an
oxygen mixture approaching 100%.
(4) After a prolonged period of anesthesia in cats and smaller dogs, and with shorter



anesthetics in larger dogs with deep chests, it is advisable to inflate the lungs to 30 cm H,O
of airway pressure (i.e., to “sigh” the lungs) periodically and at the end of anesthesia.

(5) Prolonged immobility and excessive fluid administration can lead to increased venous
admixture and a fall in PaO2, in addition to that produced by anesthesia per se.

Nervous system anatomy and physiology

Generally, the nervous system can be separated into central and peripheral divisions, although
they are integrated and function together. The central division, composed of the brain and
spinal cord, contains all of the important nuclei and is essential for integrating sensory and
motor functions. The peripheral division is composed of nerves (including cranial nerves) and
ganglia that connect the organs and tissues to the central nervous system (CNS).

Brain anatomy

The brain is divisible into five regions based on embryological development: telencephalon,
diencephalon, mesencephalon, metencephalon, and myelencephalon. Grossly, it can be divided
into the cerebrum and the brain stem. The cerebrum consists of telencephalic and diencephalic
portions. The telencephalic portion can be further divided into the cerebral hemispheres and
basal ganglia (also known as the basal nuclei). Together, the right and left hemispheres
comprise the cerebral cortex, which is organized into an outer cortical layer of gray matter that
contains a high density of nerve cell bodies and an inner medulla of white matter consisting
mainly of myelinated nerve fibers. The cerebral cortex is where sensory, motor, and
associational activity occurs.

The diencephalic portion of the cerebrum, which is located below and between the cerebral
hemispheres, is the central area through which most of the information traveling into and out of
the hemispheres must traverse. It consists of the thalamus, subthalamus, epithalamus, and
hypothalamus, and is positioned between the telencephalon and the brain stem. The brain stem
is comprised of the portion of the brain caudal to the telencephalon, excluding the cerebellum
(e.g., the midbrain, pons, and medulla oblongata). The midbrain contains sensory and motor
pathways, the nuclei of the third and fourth cranial nerves (oculomotor and trochlear), and two
major motor nuclei: the red nucleus and the substantia nigra.

Cranial nerves

These consist of a peripheral segment, a nuclear center in the brain stem (except olfactory and
optic nerves), and communicating connections with other parts of the brain. All 12 cranial
nerves are paired. Functionally, cranial nerves can be divided into motor (efferent), sensory
(afferent), and mixed. Sensory and motor cranial nerves are associated with at least one nuclei,
and mixed cranial nerves are associated with at least two nuclei) (Figure 2.8).



Brain physiology
The energy consuming processes of the brain are divided into those of neuroprocessing and
maintenance of cellular integrity. Oxygen requirements for the conscious, healthy canine brain
are approximately 5.5 mL/100 g/min, with 60% needed for neuroprocessing and 40% for
maintenance of brain cell integrity. If cardiovascular function is normal, adequate oxygen
delivery and normal electroencephalogram (EEG) function is expected with a PaO, of
approximately 100 mm Hg and cerebral blood flow (CBF) of 50mL/100g/min. Irreversible
cerebral tissue damage is likely when PaO, drops below 20-23 mm Hg and CBF below
10mL/100g/min. In humans, normal function of the awake brain requires approximately 3.5 mL
02/100 g/min, or a total of about 50 mL/min extracted from an average normal CBF of 57
mL/100 g/min. In the awake state, most of the brain’s cellular energy stores are depleted within
2—4 minutes after oxygen delivery is interrupted. During the anoxic period, cellular lactate
concentrations can increase three-to fivefold. Anesthesia, hypothermia, or brain injury can
alter cerebral metabolic requirements for oxygen (CMRO,) and must be considered when

interpreting the adequacy of monitored cardiopulmonary parameters during anesthesia.

Figure 2.8. Ventral view of the canine brain and cranial nerves.
Source: Jenkins TJ. 1978. Functional Mammalian Neuroanatomy, 2nd ed. Philadelphia, PA: Lea and Febiger.



| Interpeduncular fossa

Trapezoid body P / .____I"u"lammillar'_u,r body

Cerebellum._h I\._.. .----_I i e R & . B /,Gptic tract

Q1

K,f% i s \  Olfactory bulb |

I}{w” 7 \ I
Vil [ S L Optic chiasm
Vi ‘-." | | ' Piriform lobe
Vo I Infundibulum
Caudal rhinal fissure
Afferent nerves Efferent nerves Mixed nerves
|. Olfactony . Qculomotor V. Trigeminal
Il. Optic V. Trochlear WII. Facial
Wi, Vestibulocochlear VI. Abducens I¥. Glossopharyngeal
XIl. Spinal accessory X. Vagus
XIl. Hypoglossal

Effects of anesthetics on brain physiology

Anesthetic management of patients requires that CBF be maintained at a level sufficient to meet
the brain’s metabolic demands. Autoregulation enables maintenance of a constant CBF over a
wide range of systemic BPs. Autoregulation is not immediate; when systemic BP changes, it
takes about 2 minutes for CBF to return to normal. There have been many studies on the effects
of anesthetics on CBF and autoregulation, and the results have sometimes been confusing. All
potent inhaled anesthetics tend to decrease cerebral metabolism and increase CBF and
intracranial pressure (ICP), but vary in degree.

Spinal cord

Caudal to the medulla, the CNS continues as the spinal cord, which is contained in the spinal
canal. The spinal cord is a complex collection of fibers organized into ascending and
descending tracts, interneurons, neuron-supporting cells, blood vessels, and connective tissue.
The cord is surrounded by the meninges, which support and protect it. From superficial to
deep, they are the dura mater, arachnoid, and pia mater. In dogs, the cord and associated



subarachnoid structures usually terminate at the level of L6—L7 and in cats, the cord terminates
variably between L6 and the sacrum. Inadvertent subarachnoid administration of anesthetic or
analgesic drugs is more likely in felines when the needle is inserted at the lumbosacral space.

The epidural space is not an empty cavitary space, but instead contains blood vessels,
lymphatics, and epidural fat, and communicates with the paravertebral tissues via the
intervertebral foramina. This communication may be interrupted in older animals by fibrous
connective tissue and bony malformations associated with spinal arthritis, and in obese
patients by fat. This is of clinical significance because epidural injection volumes are often
reduced in older or obese animals to prevent excessive cranial spread of drugs.

The subarachnoid space is located between the arachnoidea and pia mater. The sub-
arachnoid space contains CSF and is continuous between the cranial and vertebral segments.
There is no direct communication between the epidural and subarachnoid spaces; however,
drugs (especially lipophilic drugs) can diffuse across the arachnoidea and enter the CSF after
epidural administration. The pia mater, which is one cell layer thick, lies directly on the brain
and spinal cord. The pia probably does not present a significant barrier to drug diffusion. The
meninges cover the dorsal and ventral spinal nerve roots until they fuse, at which point they
merge with the spinal nerve and extend no farther peripherally.

CSF and ICP

Within the calvarium, CSF is found in both an internal (ventricular) system and an external
(subarachnoid) system. The internal system consists of the bilaterally symmetrical lateral
ventricles within the cerebral hemispheres, the third ventricle medially between the thalamus
and hypothalamus, and the fourth ventricle lying beneath the cerebellum and within the
medulla. CSF is produced by the choroid plexus, a fringelike fold of pia mater found on the
floor of both lateral ventricles, in the fourth ventricle, and also by the ependymal lining of the
ventricles. CSF is formed from the blood by secretory and filtration processes. Fluid in the
lateral ventricles empties into the third ventricle through the paired foramina of Monro. The
third ventricle, in turn, empties into the fourth through the aqueduct of Sylvius. The central
canal of the spinal cord is continuous with the fourth ventricle. The external or subarachnoid
system overlies the brain and spinal cord. The bilateral foramina of Luschka enable fluid to
pass between the ventricular and subarachnoid systems. In most primates, the unpaired foramen
of Magendie is present and enables an additional connection between the fourth ventricle and
the subarachnoid space. The foramen of Magendie is not found in most common veterinary

species (Figure 2.9).
Figure 2.9. Circulation of CSF in the human and subhuman primates. Nonprimate animals do

not have the foramen of Magendie.
Source: Stoelting RK. 1991. Pharmacology and Physiology in Anesthetic Practice, 2nd ed. Philadelphia, PA: Lippincott.
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CSF is absorbed at the arachnoid villi located primarily in the subdural venous sinuses. The
arachnoid villi are fingerlike projections of the arachnoidal membrane that penetrate the
venous sinuses. Their endothelium is porous and highly permeable, allowing free passage of
water, electrolytes, proteins, and even red blood cells.

CSF cushions the brain and spinal cord. CSF normal pressure is approximately 10 mm Hg
but can fluctuate within a narrow range. The composition of the CSF remains different from
plasma because of the blood—brain barrier. The barrier is as much an enzymatic and cellular
transporter barrier as an anatomical separation. The concentration of sodium is equal to that of
plasma, the concentration of chloride in the CSF is 15% greater, and the concentration of
potassium and glucose is 40% and 30% less than in plasma, respectively. The specific gravity
of CSF is 1.002—-1.009. The pH of CSF is closely maintained at 7.32.

Carbon dioxide, but not hydrogen ions, readily crosses the blood—brain barrier. Bicarbonate
ions are actively transported. As a result, the pH of CSF is rapidly altered by changes in
PaCO, but not by changes in arterial pH. The pH of CSF, not the PCO, directly, is the major
mechanism regulating ventilation in most mammals.

The skull forms a noncompliant chamber filled with brain parenchyma, blood, and CSF. An
increase in volume of one component must be accompanied by a compensatory decrease in the
others or the ICP will increase (Monro-Kellie hypothesis). Normal ICP is less than 15 mm Hg.
As the ICP increases, blood flow to the brain will decrease unless an increase in mean arterial
pressure occurs to maintain cerebral perfusion pressure (cerebral perfusion pressure = mean
arterial pressure — ICP). Arterial BP should always be measured in animals suspected of
having intracranial hypertension, because anesthetic-induced decreases in mean arterial BP can
lead to catastrophic cerebral ischemia even though arterial BPs were maintained above
acceptable levels for healthy animals (e.g., mean arterial pressure of 60 mm Hg). Increased
cerebral or spinal fluid pressure produces a reflex increase in HR and BP (Cushing’s



response). It has been hypothesized that the increase in CSF pressure creates ischemia of
neurons, and that this is the stimulus for increased sympathetic activity.

Drugs that reduce cerebral metabolic activity or CBF, osmotic diuretics, hypothermia, and
mechanical normoventilation or hyperventilation may all be used to decrease ICP. It is
imperative that anesthetic management focus on maintaining adequate cerebral perfusion
pressure rather than on reducing CBF or ICP alone. Administration of analgesic drugs,
especially opioids, must be carefully monitored in animals with intra-cranial disease, because
of their potential to increase PaCO,, which could lead to increased CBF and ICP. Ventilatory

support may be required if respiratory depression occurs.

Spinal nerves

These supply efferent and afferent innervation to most of the body, with the exception of the
head and viscera. They also form part of the autonomic nervous system, which controls
homeostatic functions. Spinal nerves vary in number, depending on species. Nerves can be
classified by their size and degree of myelination, which determine speed of impulse
transmission. Large, heavily myelinated fibers have the highest conduction velocities, whereas
small nonmyelinated fibers have lower conduction rates. The largest fibers, type A, are
subclassified as A-alpha, A-beta, A-gamma, and A-delta fibers. A-alpha fibers innervate
skeletal muscles and also subserve proprioception. A-beta fibers normally subserve innocuous
touch and pressure, but can be involved in nervous system “windup” that can result in
hyperalgesia and/or allodynia following chronic nociceptor stimulation. A-gamma fibers
innervate the skeletal muscle spindles to maintain muscle tone. A-delta fibers subserve
temperature, fast pain, and touch. Type B fibers are preganglionic autonomic fibers. Type C
fibers are small nonmyelinated fibers responsible for postganglionic sympathetic innervation
and transmission of visceral and slow pain, touch, and temperature sensations. Abnormal
nociceptive C fiber activity causes many chronic pain syndromes best described in humans,
with diabetic neuropathy and postherpetic neuralgia being two examples. Similar C-fiber
dysfunction is likely in a variety of chronic pain conditions in other mammalian species.

After leaving the intervertebral foramen, each spinal nerve divides into dorsal and ventral
branches. The dorsal branches generally supply the muscles and skin of the back, whereas the
ventral branches supply the muscles and skin of the thorax, abdomen, and extremities. Branches
from several spinal nerves may combine to form plexuses such as the brachial plexus or major
nerves such as the sciatic nerve.

Autonomic nervous system

In contrast with the somatic nervous system supplying the striated muscles, the autonomic
nervous system requires no conscious control. The autonomic nervous system is composed of
the efferent and afferent nerves innervating the viscera, glands, and other tissues required for
homeostasis and the fight-or-flight response. Its primary homeostatic role is control of
circulation, breathing, excretion, and maintenance of body temperature. These regulatory



functions are subject to modification by input from higher brain centers, especially as a result
of reactions to the environment.

Visceral autonomic efferent pathways consist of two neurons rather than a single motor
neuron as occurs in the somatic system. The cell body of the first neuron is in the brain stem or
spinal cord. Its axon terminates on the cell body of the second neuron, located in an autonomic
ganglion. The axon of the ganglion cell terminates in the effector cell.

Autonomic visceral afferents are primarily sensory neurons similar to those in somatic
tissues, although they tend to have wider receptive areas, leading to less ability to discriminate
the anatomic origin of the afferent signals. They elicit reflex responses in viscera and a feeling
of fullness of hollow organs, such as the stomach, large intestine, and bladder. Afferent
impulses contribute to feelings of well-being or malaise and transmit signals from nociceptors.
Visceral pain afferents are associated with the sympathetic division.

The hypothalamus is the primary area of the brain that controls the autonomic nervous
system. The autonomic system can be subdivided into the craniosacral or parasympathetic
system and the thoracolumbar or sympathetic system. A characteristic of the autonomic nervous
system is that both divisions are constantly active, resulting in a basal level of sympathetic and
parasympathetic activity. Thus, each division can increase or decrease its effect at a given
organ to regulate function more closely.

Neuron function

Axonal conduction

Nerve impulses are electrochemical currents that pass along the axon to the presynaptic
membrane. From a pharmacological standpoint, there is an important distinction between
electric conduction of a nerve impulse along an axon and chemical transmission of this signal
across the synapse. Most general anesthetics have little effect on nerve conduction velocity.

Neuroregulators

These play a key role in communication among nerve cells and may be subdivided into two
groups. Small molecule neurotransmitters are synthesized in the cytosol of the pre-synaptic
terminal, absorbed into the transmitter vesicles, and released into the synaptic cleft in response
to the arrival of an action potential at the nerve ending. Release of neurotransmitters is voltage
dependent and requires calcium influx into the presynaptic terminal. Following its release, the
transmitter binds with the postsynaptic receptor. The postjunctional membrane is excited by
increased sodium conductance and inhibited when potassium or chloride conductance is
enhanced. Some transmitters bind to receptors that activate enzymes, thus altering cellular
function.

Neuropeptide modulators are synthesized in the neuronal cell body and transported to the
nerve terminal by axonal streaming. They are released in response to an action potential, but in
much smaller quantities than are the small molecule transmitters. The neuropeptides induce



prolonged effects to amplify or dampen neuronal activity. They exert their effects through a
variety of mechanisms, including prolonged closure of calcium channels, alteration of cellular
metabolism, activation or inactivation of specific genes, and prolonged alteration in the
numbers of excitatory or inhibitory receptors. Although usually only a single small molecule
neurotransmitter is released by each type of neuron (Dale’s law), the same neuron may release
one or more neuropeptide modulators at the same time.

Sedative and anticholinergic pharmacology

Anticholinergic drugs

Anticholinergics are used perioperatively to manage bradycardia and AV block associated
with surgical manipulation (oculovagal and viscerovagal reflexes) or with the administration
of other anesthetic adjunctive drugs (e.g., alpha, agonists or opioids). Occasionally, they are

also used to control excessive oral and airway secretions. Anticholinergics should not be
administered perioperatively on an indiscriminate basis. Rather, the risks and benefits
associated with the administration of different drugs should be assessed, and the safest drugs
chosen for each patient.

Anticholinergics are often called parasympatholytic drugs because they block the effects of
the parasympathetic nervous system on other body systems, especially the cardiovascular and
gastrointestinal systems. Atropine and glycopyrrolate are the anticho-linergics used most
commonly in veterinary medicine. These two drugs do not block nicotinic cholinergic
receptors and are more accurately classified as antimuscarinics. There are three major types of
muscarinic receptors: My, M, and M3. M receptors are located on neurons in the CNS and on
autonomic ganglia. M, receptors are located in the SA and AV nodes and in the atrial
myocardium. M, receptors are located in secretory glands, vascular endothelium, and smooth
muscle.

Atropine and glycopyrrolate are relatively nonselective muscarinic antagonists, but despite
this lack of selectively the effectiveness of muscarinic blockade varies considerably from
tissue to tissue. Salivary and bronchial glands are the most sensitive to muscarinic blockade.
Cardiac tissues and smooth muscle are intermediate in sensitivity, and gastric parietal cells are
the least sensitive to muscarinic blockade.

Anticholinergic administration routinely causes sinus tachycardia, which is problematic for
many patients with cardiovascular disease. Tachycardia associated with administration of
anticholinergics leads to an increase in myocardial work and a decrease in myocardial
perfusion. Further, coadministration of anticholinergics and ketamine has been associated with
the development of myocardial infarcts in, and the death of, young cats undergoing routine
surgical procedures. At lower doses, a transient decrease in sinus rate and slowing of AV
nodal conduction (AV blockade) can occur. This response appears to be due to blockade of
presynaptic muscarinic receptors that normally inhibit acetylcholine (ACh) release. Once



postsynaptic muscarinic blockade is established, this paradoxical increase in vagal tone
usually resolves.

Anticholinergic administration also has dramatic effects on gastrointestinal function. At
therapeutic doses, nonselective muscarinic antagonists like atropine and glycopyr-rolate
reduce lower esophageal sphincter tone and have little effect on gastric pH. These two factors
increase the incidence of gastroesophageal reflux and esophagitis in anesthetized dogs.
Perioperative administration of anticholinergics also reduces intestinal motility and can lead to
gastrointestinal complications postoperatively.

Atropine

Chemically, atropine consists of two components (tropic acid and an organic base) that are
bound by an ester linkage. Atropine has approximately the same affinity for all three major
types of muscarinic receptors. Relative to other synthetic muscarinic antagonists, atropine is
very selective for muscarinic receptors and has little effect on nicotinic receptors.

Pharmacokinetics and pharmacodynamics

Atropine is rapidly absorbed after intramuscular (IM) administration. Onset of cardiovascular
effects occurs within 5 minutes, and peak effects occur within 10-20 minutes. After IV
administration at a dose of 0.03 mg/kg, onset of cardiovascular effects occurs within 1 minute,
peak effects occur within 5 minutes, and HR increases by 30-40% for approximately 30
minutes. The effects of atropine on other body systems subside within a few hours, but ocular
effects can persist for 1-2 days. Atropine is rapidly eliminated from the blood after parenteral
administration. Some of the drug is hydrolyzed to inactive metabolites (tropine and tropic
acid), and some of it is excreted unchanged in the urine. Rabbits and some other species (cats
and rats) have a plasma enzyme (atropine esterase) that accelerates metabolism and clearance
of the drug.

At therapeutic doses, atropine administration produces limited effects on the CNS. A mild
sedative effect may be observed, and the incidence of vomiting mediated by the vestibular
system may be reduced. Blockade of the pupillary constrictor muscle and the ciliary muscle
produces long-lasting mydriasis and cycloplegia, respectively. Lacrimal secretions are also
reduced, which may contribute to corneal drying during anesthesia unless artificial tears are
applied concurrently. Atropine should be used with discretion in animals with acute glaucoma
because its mydriatic effect may impede drainage from the anterior chamber.

Airway smooth muscle and secretory glands also receive parasympathetic input from the
vagus nerves. Blockade of M; receptors by therapeutic doses of atropine decreases airway

secretions and increases airway diameter and anatomical dead space. In the past, atropine was
given before administration of noxious inhaled anesthetics (ether) to reduce airway secretions
and the potential for laryngospasm. Modern inhaled anesthetics do not cause the same degree
of airway irritation, and routine preoperative administration of atropine for this reason is
difficult to justify.



Clinical uses

Atropine can be given subcutaneously (SC), IM, or IV, but the IM and IV routes are preferred
because uptake from subcutaneous sites can be erratic in patients with altered hydration and
peripheral circulation. Doses for dogs and cats range from 0.02 to 0.04 mg/kg. Atropine is also
effective when given endotracheally or endobronchially to dogs for cardiopulmonary
resuscitation.

Glycopyrrolate

Glycopyrrolate is a synthetic quaternary ammonium muscarinic antagonist. Like atropine, the
drug consists of two components (mandelic acid and an organic base) bound together by an
ester linkage. Glycopyrrolate is four times as potent as atropine and has approximately the
same affinity for all three major types of muscarinic receptors. The drug’s polar structure
(quaternary amine) limits diffusion across lipid membranes and into the CNS and fetal
circulation.

Pharmacokinetics and pharmacodynamics

Absorption, metabolism, and elimination of glycopyrrolate are similar to that of atropine.
Absorption is rapid after IM administration. Onset of cardiovascular effects occurs within 5
minutes, peak effects occur within 20 minutes, and HR remains elevated for approximately 1
hour. Glycopyrrolate is rapidly eliminated from the blood after parenteral administration, and
most of the drug is excreted unchanged in the urine.

At therapeutic doses, glycopyrrolate produces few, if any, effects on the CNS. Unlike
atropine administration, sedation is not observed, and recovery times are not prolonged.
Administration of glycopyrrolate to conscious dogs with normal intraocular pressure does not
alter pupil diameter and intraocular pressure, and intraoperative administration of
glycopyrrolate to dogs with glaucoma and increased intraocular pressure appears to be safe.

Glycopyrrolate administration produces effects on the heart that are comparable to those of
atropine. Studies in people suggest that glycopyrrolate produces less tachycardia than atropine,
but the two drugs produce similar increases in HR when administered IV to sedated or
anesthetized dogs. The typical response to IV or IM administration of therapeutic doses (5-
10pg/kg) of glycopyrrolate is an increase in sinus rate, acceleration of AV nodal conduction,
and an increase in atrial contractility. At lower doses, a transient decrease in sinus rate and
slowing of AV nodal conduction can occur. Glycopyrrolate can also be given intraoperatively
to correct bradycardia.

Like atropine, glycopyrrolate affects the gastrointestinal system. Intestinal motility is reduced
for at least 30 minutes in anesthetized dogs.

Clinical uses

Glycopyrrolate is used perioperatively to prevent severe bradycardia caused by surgical




manipulation (vagal reflexes) or by administration of other anesthetic drugs. Doses for dogs
and cats range from 5 to 10 pg/kg.

Sedatives

Behavioral responses to different classes of sedatives vary considerably among species. The
phenothiazines and alpha, agonists are effective sedatives in dogs and cats. Conversely, the

benzodiazepines are effective sedatives in ferrets, rabbits, and birds but are not reliable
sedatives in cats and young dogs.

Phenothiazines and butyrophenones

Phenothiazines and, to a lesser extent, butyrophenones produce a wide variety of behavioral,
autonomic, and endocrine effects. The behavioral effects of these drugs are mediated primarily
by blockade of dopamine receptors in the basal ganglia and limbic system. At therapeutic
doses, phenothiazines and butyrophenones inhibit conditioned avoidance behavior and
decrease spontaneous motor activity. At higher doses, extrapyramidal effects (tremor, rigidity,
and catalepsy) can occur. These sedatives also have significant binding affinity for adrenergic
and muscarinic receptors. For example, phenothiazines bind with great affinity to, and act as
antagonists at, alphal adrenergic receptors, which may result in hypotension that is typically
associated with perioperative use of these drugs. Blockade of dopamine receptors in the
chemoreceptor trigger zone of the medulla produces an antiemetic effect, and depletion of
catecholamines in the thermoregulatory center of the hypothalamus leads to a loss of
thermoregulatory control.

Acepromazine (a phenothiazine) is one of the most widely used sedatives in veterinary
medicine. The chemical name of acepromazine is 2-acetyl-10-(3-dimethylaminopropyl)
phenothiazine. Acepromazine is often given in combination with an opioid as a preanesthetic to
facilitate the placement of IV catheters and to reduce the dose of injectable and inhalational
anesthetics required to induce and maintain anesthesia. Acepromazine can also be given
postoperatively to smooth recovery, provided that patients are hemodynamically stable and that
pain has been managed effectively. IM doses for cats and small dogs range from 0.01 to 0.2
mg/kg, and those for larger dogs range from 0.01 to 0.05 mg/kg. Generally, doses less than 0.05
mg/kg are adequate for mild to moderate sedation in the pre- or postanesthetic period.

Alphap adrenergic agonists

In most species, alpha, agonists produce reliable dose-dependent sedation, analgesia, and
muscle relaxation that can be readily reversed by administration of selective antagonists.
Xylazine has been used in both small and large animals for over three decades. In small
animals, medetomidine, and more recently its purified isomer dexmedetomidine, have been
used.

The alpha, receptors are located in tissues throughout the body, and norepinephrine is the



endogenous ligand for these receptors. The alpha, receptors exist presynaptically and

postsynaptically in neuronal and nonneuronal tissues, and extrasynaptically in the vascular
endothelium and in platelets. Within the nervous system, alphai receptors are located
presynaptically on noradrenergic neurons (autoreceptors) and on nonnoradrenergic neurons
(heteroceptors). The sedative and anxiolytic effects of alphai agonists are mediated by
activation of supraspinal autoreceptors or postsynaptic receptors located in the pons (locus
ceruleus), and some of the analgesic effects are mediated by activation of heteroceptors
located in the dorsal horn of the spinal cord. Supraspinal alpha, receptors located in the pons

also play a prominent role in descending modulation of nociceptive input.
Three distinct alpha, receptor subtypes (A, B, and C) have been identified. The cellular

response to activation of these receptor subtypes is mediated by several different molecular
mechanisms.

Medetomidine and dexmedetomidine

Medetomidine, (+)-4-(1-[2,3-dimethylphenyl] ethyl)-1H-imidazole monohydrochloride is a
racemic mixture of levo- and dextrorotory enantiomers. All or nearly all of the
pharmacological action is due to the dextrorotory enantiomer, dexmedetomidine. Shortly after
medetomidine was approved for use in dogs as a sedative—analgesic in North America,
dexmedetomidine was approved for use in people as a postoperative sedative in the United
States. As expected, dexmedetomidine is approximately twice as potent as the racemic mixture
that is available for use in animals. In dogs and cats, both dexmedetomidine and medetomidine
have a rapid onset of action and can be administered IV or IM. After IM administration, the
drug is rapidly absorbed, and peak plasma concentrations are reached within 30 minutes.
Elimination occurs mainly by biotransformation in the liver, and inactive metabolites are
excreted in the urine.

Onset of sedation, analgesia, and muscle relaxation is rapid after IM administration of
medetomidine to dogs and cats, and the intensity and duration of these effects depend on dose.
When medetomidine is given IM to dogs at a dose of 30 pg/kg, significant sedation is apparent
within 5 minutes and persists for 1-2 hours. Similarly, when medetomidine is given to cats at a
dose of 50 pg/kg, significant sedation is apparent within 15 minutes and persists for 1-2 hours.
At these doses, analgesia peaks within 30 minutes and persists for 1-2 hours.

Medetomidine administration decreases injectable and inhalational anesthetic requirements
dramatically (by over 50% in dogs). Administration of medetomidine IM at doses of 10, 20,
and 40 pg/kg decreases the amount of thiopental required for intubation to 7.0, 4.5, and
2.4mg/kg, respectively. Similarly, administration of medetomidine IM at a dose of 20 pg/kg
decreases the amount of propofol required for intubation to 1.8 mg/kg. Administration of
medetomidine IM also reduces the dose of ketamine required to induce anesthesia in dogs and
cats. Administration of medetomidine IV at a dose of 30 pg/kg decreased the MAC of
isoflurane by 47%. Additionally, administration of medetomidine IM at a dose of 8 pg/kg
consistently reduced the bispectral index value (an index of anesthetic depth) in dogs




anesthetized with isoflurane (1.0, 1.5, and 2.0 MAC).
As with other alpha, agonists, medetomidine administration produces changes in commonly

monitored cardiovascular parameters. Cardiovascular effects are best described in two
phases: an initial peripheral phase characterized by vasoconstriction, increased BP, and reflex
vagal bradycardia; and a subsequent central phase characterized by decreased sympathetic
tone, sympathetically driven HR, and BP. Occasionally, AV blockade occurs secondary to the
initial increase in BP and reflex (baroreceptor-mediated) increase in vagal tone. In conscious
dogs, mean arterial pressure increases transiently, and HR and cardiac index decrease by
approximately 60% after IV administration of medetomidine at doses ranging from 5 to 20
ng/kg. At these doses, changes in mean arterial pressure, central venous pressure, and vascular
resistance are dose dependent, whereas changes in HR and cardiac index are not. In conscious
cats, mean arterial pressure does not appear to change (perhaps related to higher baseline
stress levels) and HR and cardiac index decrease by approximately 50% after IM
administration of medetomidine at a dose of 20 pg/kg. In cats anesthetized with isoflurane
(2%), mean arterial pressure increases from 77 to 122 mm Hg, HR decreases from 150 to 125
beats per minute, and mean arterial flow decreases from 578 to 325mL/min, 20 minutes after
the IM administration of medetomidine at a dose of 10 pg/kg.

In conscious animals, the decrease in CO is caused primarily by the decrease in HR and
increase in vascular resistance, and not by a direct depression of myocardial contractility.
Although CO decreases after medetomidine or dexmedetomidine administration, blood flow to
the heart, brain, and kidneys is maintained by redistribution of flow from less vital organs and
tissues. In patients with good cardiopulmonary reserve, the concurrent administration of an
anticholinergic agent will prevent bradyarrhythmias while slightly improving CO at the
expense of a rather large increase in myocardial work and O, consumption. Thus, the use of an

anticholinergic preoperatively with alpha, agonists to prevent bradycardia and AV blockade

continues to be somewhat controversial. The use of an anticholinergic has been recommended
for the following reasons: First, even at low preanesthetic doses, significant bradycardia can
occur if an anticholinergic is not administered concurrently. Second, the potential for severe
vagotonic responses and profound bradycardia, secondary to surgical manipulation and
administration of other anesthetic drugs (opioids), is higher during the perioperative period.
Third, while the concurrent administration of anticholinergics with high doses of medetomidine
can cause dramatic increases in vascular resistance and myocardial work, these increases can
be minimized and are generally well tolerated by healthy patients given low doses of
medetomidine prior to inhalant (vasodilatory) anesthesia.

Medetomidine administration has little effect on pulmonary function. Respiratory rate and Vg
decrease after medetomidine administration, but this decrease in Vi appears to parallel a

decrease in metabolic CO, production, and arterial blood gas values remain stable.
Medetomidine administration has significant effects on gastrointestinal function in animals.

Vomiting occurs in 10% of dogs and over 50% of cats administered medetomidine IM at mean
doses of 40 and 80 pg/kg, respectively. Vomiting dramatically increases intraocular pressure,



which is a potential problem for some patients with ocular injury or disease. Medetomidine
administration decreases gastrin release and intestinal and colonic motility in dogs. These
effects are mediated by activation of visceral alpha, receptors and inhibition of ACh release.

Medetomidine administration has significant effects on renal and urogenital function in
animals. In dogs, administration of medetomidine (10-20 pg/kg IV) decreases urine specific
gravity and increases urine production for approximately 4 hours. Apparently, alpha, agonists

interfere with the action of antidiuretic hormone on the renal tubules and collecting ducts,
which increases the production of dilute urine.

Preoperative administration of alpha, agonists attenuates the stress response associated with

surgical trauma. In dogs undergoing ovariohysterectomy, preoperative administration of
medetomidine reduces catecholamine and cortisol concentrations postoperatively. Similarly,
preoperative administration of medetomidine (20 pg/kg IM) attenuates perioperative increases
in norepinephrine, epinephrine, and cortisol concentrations to a greater degree than does
acepromazine. Administration of xylazine or medetomidine activates alpha, receptors on

pancreatic beta cells and inhibits release of insulin for approximately 2 hours, resulting in an
increase in plasma glucose concentrations.

As a general rule, medetomidine should not be administered to pediatric or geriatric animals,
or to animals with significant neurological, cardiovascular, respiratory, hepatic, or renal
disease. Once preanesthetic and anesthetic drugs are administered, patients should be
monitored carefully throughout the perioperative period, with special attention being paid to
HR and rhythm.

Xylazine

Although its mechanism of action was unknown at the time of its introduction into clinical
practice, xylazine was the first alpha, agonist to be used by veterinarians. The drug was

synthesized in West Germany in 1962 for use as an antihypertensive in people but was found to
have potent sedative effects in animals. The chemical name for xylazine is 2(2,6-
dimethylphenylamino)-4H-5,6-dihydro-1,3-thiazine hydrochloride. Initially, the drug was used
as a sedative in cattle and other ruminants in Europe. In the early 1970s, reports of xylazine’s
utility as an anesthetic adjunct began appearing in American and European veterinary
literature. These reports documented the effectiveness of xylazine in eliminating muscular
hypertonicity in dogs and cats given ketamine, and in producing rapid, predictable sedation,
analgesia, and muscle relaxation in horses and cattle after IV administration. It was also
evident that there was tremendous variation in the dose of xylazine required to produce
equivalent levels of sedation and analgesia in different species. In 1981, the sedative and
analgesic effects of xylazine were definitively linked to the activation of central alpha,

adrenergic receptors.

Most clinical studies show that the sedative and analgesic effects of xylazine are comparable
in duration and do not support the “conventional wisdom” that the analgesic effect is



significantly shorter than the sedative effect. Xylazine administration dramatically decreases
injectable and inhalational anesthetic requirements in several species (similar to
dexmedetomidine).

Alphap adrenergic antagonists

Alpha, agonists are used to reverse the sedative and cardiovascular effects of alpha, agonists.

Currently, three antagonists (tolazoline, yohimbine, and atipamezole) are available for use in
animals, with only atipamezole recommended for reversal of medetomidine and
dexmedetomidine in small animals.

In addition to reversing the sedative and cardiovascular effects of alpha, agonists, alpha,

antagonists can produce significant side effects. If a relative overdose of an antagonist is
administered, neurological (excitement and muscle tremors), cardiovascular (hypotension and
tachycardia), and gastrointestinal (salivation and diarrhea) side effects can occur. Death has
also been reported after rapid IV administration. The mechanism is likely due to the rapid
reversal of vasoconstriction without sufficient time for the sympathetic nervous system to
increase CO, resulting in severe hypotension.

Complete reversal of the sedative, analgesic, and cardiovascular effects of medetomidine is
achieved when atipamezole is administered IM to dogs and cats at four to six times and two to
four times the dose (based on micrograms given and not on volume) of medetomidine,
respectively. Therefore, if the initial dose of medetomidine is 20 pg/kg for a dog, then
atipamezole would be given IM at a dose of 100 pg/kg. Similarly, if the initial dose of
medetomidine is 40 pg/kg for a cat, then atipamezole would be given IM at a dose of 120
ng/kg. In both of these examples, the dose of atipamezole may be reduced if more than 30
minutes has elapsed since medetomidine administration.

Benzodiazepine sedatives

Benzodiazepines produce most of their pharmacological effects by modulating gamma-
aminobutyric acid (GABA)-mediated neurotransmission. GABA is the primary inhibitory
neurotransmitter in the mammalian nervous system and cell membranes of most CNS neurons
express GABA receptors. These receptors are also found outside the CNS in autonomic
ganglia. Two main types of GABA receptors are involved in neuronal transmission: The
GABA, receptor complex is a ligandigated chloride channel that consists of a central pore

surrounded by five glycoprotein subunits.

The benzodiazepineibinding site, as well as the binding sites for other injectable anesthetics
(barbiturates, propofol, and etomidate), is located in the GABA, receptor complex.
Benzodiazepines enhance binding between GABA and the GABA , receptor, and increase the
frequency of channel opening. In contrast, barbiturates enhance intrinsic activity and increase

the duration of channel opening. Both mechanisms increase chloride conductance and
hyperpolarize the cell membrane, which reduces neuronal excitability. Benzodiazepines have



no intrinsic agonist activity and cannot alter chloride conductance in the absence of GABA.
This lack of intrinsic activity limits CNS depression and provides benzodiazepines with a
much wider margin of safety than barbiturates.

Ligands that bind to benzodiazepine receptors are classified as agonists, inverse agonists,
and antagonists. Agonists bind to benzodiazepine receptors and produce sedative, anxiolytic,
muscle relaxant, and anticonvulsant effects in most animals. Inverse agonists bind to the same
receptor and produce the opposite effects. Antagonists have high affinity for the
benzodiazepine receptor and have little or no intrinsic activity. These ligands block or reverse
the effects of both agonists and inverse agonists. Diazepam, midazolam, and zolazepam are the
benzodiazepine agonists used most commonly in veterinary medicine. Diazepam and
midazolam are used primarily as sedatives, muscle relaxants, and anticonvulsants. Zolazepam
is available in combination with a dissociative anesthetic (tiletamine), which is approved for
use as an anesthetic in dogs and cats in the United States.

Diazepam

The chemical name for the diazepam is 7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-1,4-
benzodiazepin-2-one. Diazepam is not soluble in water, and parenteral formulations contain
40% propylene glycol and 10% ethanol. The drug is also sensitive to light and adheres to
plastic, so it should not be stored in plastic syringes for extended periods. Diazepam is used
primarily as a muscle relaxant and as an anticonvulsant for dogs and cats.

Diazepam is highly lipid soluble and is rapidly distributed throughout the body.
Approximately 90% of the drug is protein bound, and diazepam is metabolized by
demethylation and hydroxylation to N-desmethyldiazepam (nordiazepam), 3-hydroxydiazepam,
and oxazepam. Nordiazepam and oxazepam produce significant pharmacological effects at
clinically relevant concentrations. In dogs, the elimination half-life of diazepam after
administration of a relatively high dose (2 mg/kg IV) is 3.2 hours. Nordiazepam appears
rapidly in plasma and quickly exceeds concentrations of diazepam, whereas oxazepam
concentrations peak within 2 hours. The elimination half-Iives of nordiazepam and oxazepam
are 3.6 and 5.7 hours, respectively. In cats, the mean elimination half-life of diazepam after
administration of relatively high doses (5, 10, and 20mg/kg IV) is 5.5 hours. Approximately
50% of the diazepam dose is converted to nordiazepam, and the mean elimination half-life of
the metabolite is 21 hours, which is approximately four times longer than the half-life of
diazepam.

Diazepam does not sedate dogs reliably, and can cause excitement, dysphoria, and ataxia. In
dogs, IV administration of diazepam (0.5 mg/kg) produces arousal and excitement. Diazepam
administration can produce dysphoria and aggressive behavior in cats, and the drug should be
used with this potential response in mind in this species. Because of these behavioral effects,
diazepam alone has limited value as a sedative for dogs and cats.

Diazepam is not a reliable sedative, but is a good muscle relaxant and anticonvulsant in most
species. In dogs, diazepam is commonly administered IV at a dose of 0.2-0.5 mg/kg



immediately before induction of anesthesia with ketamine. Diazepam also can be administered
prior to induction of anesthesia with thiopental, propofol, etomidate, or an opioid. Diazepam
appears to be a more reliable sedative in older dogs and can be administered alone or in
combination with an opioid to produce sedation in this subpopulation. Higher doses are often
administered when diazepam is used as an anticonvulsant. In small animals, diazepam is
administered IV at a dose of 0.5-1.0mg/kg to control seizures. The parenteral formulation of
diazepam is very irritating and potentially cardiotoxic, and should be administered by slow IV
injection.

Midazolam

Midazolam is a benzodiazepine with a fused imidazole ring that accounts for the water
solubility of the drug at pH values below 4.0. The chemical name of midazolam is 8-chloro-6-
(2-fluorophenyl)-1-methyl-4H-imidazo(1,5-a)(1,4)-benzodiazepine. The pH of the parenteral
formulation is 3.5, and the drug is light sensitive like diazepam. At blood pH, midazolam
changes its chemical configuration and becomes more lipid soluble, facilitating diffusion into
tissues. Midazolam is almost completely (>90%) absorbed after IM injection, and peak plasma
concentrations are reached within 15 minutes. The drug is also highly protein bound (>95%)
and rapidly crosses the blood-brain barrier. Midazolam is hydroxylated in the liver, and
glucuronide conjugates are excreted in the urine.

Midazolam is commonly given to enhance muscle relaxation and facilitate intubation in dogs
and cats, and is coadministered with ketamine, etomidate, or propofol. Preanesthetic
administration (0.1-0.2mg/kg IV) reduces the induction dose of barbiturates and propofol and
the concentration of isoflurane required to maintain anesthesia during surgery. Midazolam
administration produces minimal effects on cardiopulmonary function in mammals and birds.
Because midazolam has limited effects on cardiopulmonary function, the drug is an ideal
sedative for many older or compromised animals. In dogs, midazolam is typically administered
alone at doses of 0.2-0.4 mgkg IM or in combination with opioids (butorphanol,
hydromorphone, or oxymorphone) to induce sedative effects. It can be administered IV at doses
of 0.1-0.2 mg/kg before induction of anesthesia with ketamine, thiopental, propofol, or
etomidate.

Benzodiazepine antagonists

Antagonists have a strong affinity for the benzodiazepine receptor but have no intrinsic activity
and are relatively free of side effects. Additionally, benzodiazepine antagonists cannot reverse
the effects of anesthetic drugs (barbiturates) that bind to other sites on the GABA, receptor

complex. Flumazenil is the only benzodiazepine antagonist currently available for clinical use.
In animals, it is used primarily to reverse the sedative and muscle relaxant effects of diazepam
and other benzodiazepines.

Flumazenil




Flumazenil is a highly selective, competitive benzodiazepine receptor antagonist. The chemical
name of the drug is ethyl-8-fluro-5,6-dihydro-5-methyl-6-oxo-4H-imidazolo-(1,5-
a)benzodiazepine-3-carboxylate. Limited pharmacokinetic data are available for animals. An
elimination half-life of 0.4—1.3 hours has been reported for dogs. In people, midazolam and
flumazenil have similar pharmacokinetic profiles, which makes flumazenil a suitable
antagonist for midazolam. Flumazenil rapidly reverses the sedative and muscle relaxant effects
of benzodiazepine agonists in animals. In dogs, flumazenil administration completely reverses
the behavioral and muscle relaxant effects of an overdose of diazepam (2 mg/kg IV) or
midazolam (1 mg/kg IV) within 5 minutes. In addition, flumazenil may reverse the
anticonvulsant effects of benzodiazepine agonists. Although flumazenil has minimal intrinsic
activity, administration of the antagonist could facilitate the development of seizures in
predisposed animals. Flumazenil also appears to have minimal effects on cardiopulmonary
function in animals. Currently, flumazenil is the only benzodiazepine antagonist used in
veterinary medicine. In dogs, an overdose of diazepam (2.0 mg/kg IV) or midazolam (1.0
mg/kg IV) can be effectively antagonized with flumazenil at a dose of 0.08 mg/kg. These doses
correspond to agonist/antagonist ratios of 26:1 and 13:1 for diazepam/flumazenil and
midazolam/flumazenil, respectively.

Injectable anesthetic agents

Injectable anesthetic drugs are used to induce an unconscious or hypnotic state or are
administered by repeated injection and continuous infusion to maintain the mental depression
necessary for anesthesia. The search for new drugs and combinations with appropriate
pharmacokinetic—pharmacodynamic profiles for use in domestic and wild animals is ongoing.
In animals, unlike in people, a state approaching general anesthesia is not achievable with the
use of opioids alone. Consequently, in veterinary anesthesia, opioids have been primarily used
as analgesics perioperatively and as anesthetic adjuncts to induce a state of
neuroleptanesthesia and are not employed alone as IV anesthetics.

Barbiturate drugs

The barbiturates have been classified into four groups according to duration of action: long,
intermediate, short, and ultrashort. All of those used for clinical anesthesia fall in the short or
ultrashort classification, whereas those used for sedation or control of convulsions are of long
or intermediate action.

The principal effect of a barbiturate is depression of the CNS by interference with passage
of impulses to the cerebral cortex. Barbiturates act directly on CNS neurons in a manner
similar to that of the inhibitory transmitter GABA. At clinical drug concentrations, barbiturates
have two mechanisms of action at GABA, receptors. At lower concentrations, barbiturates

exert a GABA-mimetic effect by decreasing the rate of dissociation of GABA from the
GABA , receptor. At increasing drug concentrations, barbiturates directly activate the chloride



ion channel associated with the GABA, receptor. The GABA-mimetic effects of barbiturates

are thought to produce their sedative hypnotic effects, whereas the direct chloride ion channel
activation produces their anesthetic effects.

Barbiturates diffuse throughout the body, penetrating cell walls and crossing the placenta.
The extent of ionization, lipid solubility (partition coefficient [PC]), and protein binding are
the three most important factors in distribution and elimination of barbiturates.

Phenobarbital sodium

Phenobarbital is a long-acting barbiturate, and advantage has been taken of its prolonged
action in treating various convulsive disorders. Phenobarbital is not used as an anesthetic
agent. However, coadministration of some anesthetics metabolized by the same microsomal
enzyme may result in shorter half-life and duration of action due to microsomal enzyme
induction.

Pentobarbital sodium

The duration of surgical anesthesia with anesthetizing doses (ca. 30 mg/kg) of pentobarbital
varies widely with individual animals, averaging about 30 minutes. Complete recovery usually
occurs in 6-18 hours. Occasionally, animals, particularly cats, may not rouse for as long as
24-72 hours. Because of the longer recoveries and availability of more predictable shorter
acting agents, pentobarbital is no longer used in North America to produce anesthesia in most
small companion animals. It is, however, the main component of most injectable euthanasia
solutions.

Methohexital sodium

This is an ultrashort-acting barbiturate that is unique in that it contains no sulfur atom. Its short
duration owes more to redistribution than to rapid metabolism. The dose for dogs or cats is 6—
10 mg/kg of body weight. Half of the estimated dose is injected IV at a rapid rate, followed by
administration to effect. Surgical anesthesia for 5-15 minutes is obtained by an initial
injection. More prolonged anesthesia can be maintained by intermittent administration or
continuous drip. Recovery is quick and may be accompanied by muscular tremors and violent
excitement, which detract from the usefulness of the drug. Even with preanesthetic sedation, the
recovery period is characterized by muscle tremors and struggling. Dogs are usually
ambulatory 30 minutes after administration ceases.

Thiopental sodium

Thiopental is the thio-analog of pentobarbital sodium, and differs only in that the number 2
carbon has a sulfur atom instead of an oxygen atom attached to it. Thiopental has an ultrashort
action because it is rapidly redistributed (e.g., into muscle tissue) and becomes localized in
body fat. As concentrations in the plasma, muscle, and viscera fall, the thiopental concentration



in fat continues to rise. On the other hand, an appreciable amount is metabolized by the liver,
and this contributes to the early rapid reduction of arterial thiopental concentration.

For rapid induction of anesthesia of short duration, the dose is 10-12mg/kg. Should 10-20
minutes of surgical anesthesia be required, the dose range is 20—30mg/kg. One-third of the
estimated dose is injected rapidly within 15 seconds, and the remainder is administered slowly
to effect. Additional doses may be administered to prolong anesthesia when required.
Following large-dose administration, recovery (to standing) usually requires 1-1.5 hours.
Large doses will saturate the tissues and cause a prolonged emergence. When induction is
preceded by preanesthetic sedation, a dose range of 8-15 mg/kg is used (Figure 2.10).

Occasionally, animals may struggle during induction of barbiturate anesthesia, and some of
the drug may be administered perivascularly. This should be avoided if at all possible because
a tissue slough may develop. If it is suspected that barbiturate solution has been injected
perivascularly, the area should be infiltrated with 1 or 2mL of 2% lidocaine solution. Local
anesthetics are effective for two reasons. First, they are vasodilators and prevent vasospasm in
the area, and thus aid in dilution and absorption of the barbiturate. Second, they are broken
down in an alkaline medium, and this reaction neutralizes the alkali (barbiturate). The use of
hot packs or hydrotherapy may be beneficial, as is infiltration of the area with saline to dilute
the barbiturate further. Additionally, systemic anti-inflammatory drugs may be of benefit.

Neurosteroids

This class of drugs was first evaluated as a combination of two steroids: alphaxalone and
alphadolone acetate. The combination of the two steroids has an exceptionally high therapeutic
index (30.6). It has little cumulative effect and the duration of anesthesia varies with species. A
new neurosteroid product has been developed that is a 10 mg/mL solution of alphaxalone in 2-
hydroxypropyl-B-cyclodextrin (Alfaxan-CD; Jurox, Rutherford, Australia). This preparation
does not appear to cause histamine release, which has been associated with the vehicle used in
earlier neurosteroid preparations.

Figure 2.10. The average duration of anesthesia after successive hourly IV injections of equal

doses of thiopental to dogs.

Sources: Adapted from data published in Wyngaarden J.N., Woods L.A., Ridley R., Seevers M.H. 1949. Anesthetic
properties of sodium-5-allyl-5-(1-methylbutyl)-2-thiobarbiturate (Surital) and certain other thiobarbiturates in dogs. J
Pharmacol Exp Ther 95:322; and Branson K.R. 2007. Injectable and alternative anesthetic techniques. In: Lumb and
Jones’ Veterinary Anesthesia and Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA:
Blackwell Publishing, p. 284.
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Etomidate

Etomidate appears to work in a fashion similar to that of propofol and the barbiturates in that it
enhances the action of the inhibitory neurotransmitter GABA. Single injections produce
relatively brief hypnosis. In dogs, doses of 1.5 and 3.0mg/kg last 8 £5 and 21 + 9 minutes,
respectively. Etomidate is rapidly hydrolyzed in the liver and excreted in the urine. Induction
and recovery are rapid, with a brief period of myoclonus early in the recovery period.

It was introduced in the United States as an induction agent for poor-risk human patients
because it does not depress the cardiovascular and respiratory systems or release histamine.
When used alone in dogs, it produces no change in HR, BP, or myocardial performance.
Neonates born to mothers anesthetized with etomidate have minimal respiratory depression.

Etomidate inhibits adrenal steroidogenesis in dogs, suppressing the usual increase in plasma
cortisol observed during surgery. A single induction dose of etomidate may depress adrenal
function for up to 3 hours. However, the lack of a stress response to surgery does not have
deleterious effects, and it has been argued that attenuation of metabolic and endocrine
responses to surgery actually reduces morbidity and may make this unique action of etomidate
beneficial to overall patient outcome. Attention has been given to the development of
Addisonian crisis produced by etomidate-induced blockade of corticosteroid production
during prolonged infusion to maintain sedation in intensive care patients. Consequently, long-
term infusion is not recommended. Etomidate (2mg/kg) can cause acute hemolysis. The
mechanism of hemolysis appears to be propylene glycol, which causes a rapid osmolality
increase that causes red cell rupture.

Etomidate is compatible with other common preanesthetic agents. Venous pain is common on
injection in humans, and myoclonia may occur if premedication is not administered. Nausea



and vomiting are troublesome, especially after the use of multiple doses, and can occur at
recovery as well as induction. For the most part, these side effects can be prevented by
adequate preanesthetic sedation. In summary, etomidate may be one of the better induction
drugs in traumatized patients and those with severe myocardial disease, cardiovascular
instability, cirrhosis, or intracranial lesions, or in patients requiring cesarean section surgery.

Propofol

Propofol (2,6-diisopropylphenol) is unrelated to barbiturates, euganols, or steroid anesthetics.
Prior to 2010 it was marketed in the United States only as an aqueous emulsion containing
10mg of propofol, 100mg of soybean oil, 22.5mg of glycerol, and 12mg of egg lecithin/mL.
Propofol emulsion can support microbial growth and endotoxin production. Because of the
potential for iatrogenic sepsis, unused propofol remaining in an open ampule should be
discarded and not be kept overnight for use the next day. Some formulations contain bacterial
growth inhibitors to slow the growth rate of contaminants after a vial is opened, but these
additives will not completely inhibit bacterial growth, so any unused propofol should still be
discarded 6 hours after a vial or ampule is opened unless specifically labeled with a longer
shelf life.

Rapid onset of action is caused by rapid uptake into the CNS. The short action and rapid
smooth emergence result from rapid redistribution from the brain to other tissues and efficient
elimination from plasma by metabolism. Propofol has a large volume of distribution, as would
be expected from its lipophilic nature. It is metabolized primarily by conjugation, but
propofol’s rapid disappearance from plasma is greater than hepatic blood flow, suggesting
extra hepatic sites of metabolism.

If administration is preceded by a preanesthetic such as morphine or dexmedetomidine, the
induction dose of propofol can be decreased substantially. The dose for induction of anesthesia
in nonpremedicated dogs ranges from 6 to 8 mg/kg IV, whereas the dose in sedated animals
may be as low as 2—4 mg/kg IV. The continuous infusion rate for anesthetic maintenance ranges
from 0.15 to 0.4 mg/kg/min. When using an intermittent bolus technique, doses of 0.5-2 mg/kg
are administered as needed.

Propofol is a phenolic compound and, as such, can induce oxidative injury to feline red
blood cells when administered repeatedly over several days. This toxicity is likely the result
of the cat’s reduced ability to conjugate phenol. Heinz bodies form, and clinical signs of
anorexia, diarrhea, and malaise can result.

Dissociative anesthetics

The term dissociative anesthesia is used to describe an anesthetic state induced by drugs that
interrupt ascending transmission from the parts of the brain responsible for unconscious and
conscious functions, rather than by generalized depression of all brain centers, as seen with
most other general anesthetics. Dissociative anesthesia is characterized by a cataleptoid state
in which the eyes remain open with a slow nystagmic gaze. Varying degrees of hypertonus and



purposeful or reflexive skeletal muscle movements often occur unrelated to surgical
stimulation.

Analgesia produced by dissociative anesthetics occurs at subanesthetic doses. Elevated pain
thresholds correlate with plasma ketamine concentrations of 0.1 pg/mL or greater. The degree
of analgesia appears to be greater for somatic pain than for visceral pain. In cats, visceral
analgesia induced by ketamine (2, 4, and 8mg/kg, IV) is similar to that produced by
butorphanol (0.1 mg/kg, IV). With increasing doses of ketamine, or when ketamine and
butorphanol are administered simultaneously, visceral analgesia is not increased. At a high
dose of ketamine (8 mg/kg), cats appear anesthetized but still respond to colonic nociceptor
stimulation, suggesting limited visceral analgesia in cats and probably other species.
Dissociative anesthetics appear to be more useful for anesthesia and postoperative analgesia
related to integumentary and superficial muscu-loskeletal surgery.

N-methyl-d-aspartate (NMDA) receptors appear to be involved in hyperalgesic responses
after peripheral tissue injury and inflammation, suggesting that ketamine (and possibly other
dissociatives) would be effective at reducing hyperalgesia following tissue trauma. Local
infiltration of ketamine may produce a brief period of local anesthetic effect. When
administered simultaneously with bupivacaine, ketamine doubles the duration of analgesic and
local anesthetic effects of bupivacaine. This peripheral analgesic effect of ketamine may be
attributed to one or all of the following mechanisms: (1) blockade of sodium and potassium
currents in peripheral nerves; (2) blockade of NMDA, a-amino-hydroxy-5-methyl-4-
isoxazoleproprionic acid (AMPA), and kainate receptors on unmyelinated axons; and (3)
blockade of glutamate effects on C-fiber free nerve endings.

Similar to systemic administration, epidural ketamine appears to produce profound somatic
but poor visceral analgesia. Epidural administration produces a dose-dependent analgesic
action.

Dissociative anesthetics induce significant increases in CBF, ICP, and CSF pressure as a
result of cerebral vasodilation and elevated systemic BP. Dissociative anesthetics may not be
contraindicated in all patients at risk for intracranial hypertension, particularly when
administered in the presence of another anesthetic and/or when controlled ventilation is
instituted. Nevertheless, administration of ketamine should be avoided in spontaneously
breathing patients with suspected intracranial hypertension or disease until scientific evidence
to the contrary emerges.

Abnormal behavior, which may progress to delirium, may occur during emergence from
dissociative anesthesia. Depression of the inferior colliculus and medial geniculate nucleus
leading to misperception of auditory and visual stimuli may be responsible for this reaction.
Emergence reactions are characterized by ataxia, increased motor activity, hyperreflexia,
sensitivity to touch, and sometimes violent recovery. These reactions usually disappear within
several hours without recurrence.

The cardiovascular effects of dissociative anesthetics are characterized by indirect
cardiovascular stimulation. Various effects on target organs include sympathomimetic effects
mediated from within the CNS, inhibition of neuronal uptake of catecholamines by sympathetic



nerve endings, direct vasodilation of vascular smooth muscle, and an inotropic effect on the
myocardium. HR and arterial BP usually increase as a result of increased sympathetic efferent
activity.

Ketamine has been shown to suppress activation of endotoxin-induced neuronal nuclear
factor kB, which regulates the production of proinflammatory cytokines, including tumor
necrosis factor alpha in human glioma cells in vitro and intact mouse brain cells in vivo.
Therefore, in theory, ketamine may offer some neuroprotective effects during endotoxemia.

Dissociatives often cause increased salivation and respiratory tract secretions, which can be
partially controlled by administration of an antimuscarinic (e.g., atropine). Laryngeal and
pharyngeal reflexes are usually partially or fully maintained during dissociative anesthesia.
Nevertheless, swallowing reflexes may be somewhat obtunded because most species can be
intubated when anesthetized with ketamine. Careful airway management and/or endotracheal
intubation should always be performed to prevent aspiration.

Clinical usage in dogs

Dissociatives can increase muscle tone and can induce spontaneous movement and rough
recoveries, and occasionally convulsions, in dogs. To reduce these undesirable effects,
dissociatives are often used in combination with adjunctive drugs. Benzodiazepines induce a
central muscle relaxant effect that decreases the muscle hypertonus associated with ketamine.
Zolazepam is combined with tiletamine in a fixed ratio in the proprietary mixture Telazol. This
combination reduces the adverse effects of tiletamine when given alone, although the
metabolism of zolazepam can vary among species and may result in a longer or shorter effect
relative to tiletamine.

In dogs, IV continuous rate infusion of a low dose of ketamine (10 pg/kg/min) reduces the
isoflurane MAC by 25%, whereas the continuous rate infusion of a combination of morphine
(3.3 pg/kg/min), lidocaine (50 pg/kg/min), and ketamine (10 pg/kg/min) has reduced the
isoflurane requirement by as much as 45%. Concurrent administration of either morphine—
lidocaine or morphine—ketamine combinations reportedly reduces CNS hypersensitivity in
people suffering inflammatory or neuropathic pain.

Clinical usage in cats

In cats, dissociatives have been used as primary anesthetic agents. Diazepam (0.3 mg/kg) is
commonly mixed in the same syringe with ketamine (5.5 mg/kg) and given slowly IV for short-
ierm anesthesia. This has proven to be a safe combination in cats with compromised
cardiovascular function. Diazepam (0.22 mg/kg IV or 0.44 mg/kg IM) followed by ketamine
(1-5 mg/kg IM) has also been used successfully in geriatric cats. Telazol has been used alone
or in combination in cats. Zolazepam appears to be metabolized at a slower rate than
tiletamine in this species, resulting in residual muscle relaxation and sedation, which often
prolongs complete recovery. The use of oxymor-phone, morphine, meperidine, and butorphanol
has been assessed in combination with ketamine in cats.



Inhalation anesthetics

Inhalation anesthetics are used widely for the anesthetic management of animals. They are
unique among the anesthetic drugs because they are administered, and in large part removed
from the body, via the lungs. Their popularity arises in part because their pharmacokinetic
characteristics favor predictable and rapid adjustment of anesthetic depth. In addition, a
special apparatus is usually used to deliver the inhaled agents. This apparatus includes a
source of oxygen (O,) and a patient breathing circuit that, in turn, usually includes an

endotracheal tube or face mask, a means of eliminating carbon dioxide (CO,), and a compliant

gas reservoir. These components help minimize patient morbidity or mortality because they
facilitate lung ventilation and improved arterial oxygenation. In addition, inhalation anesthetics
in gas samples can now be readily and affordably measured almost instantaneously.
Measurement of inhalation anesthetic concentration enhances the precision and safety of
anesthetic management beyond the extent commonly possible with injectable anesthetic agents.

Physiochemical characteristics

The chemical structure of inhalation anesthetics and their physical properties determine their
actions and safety of administration. The physiochemical considerations given in Tables 2.1
and 2.2 determine and/or influence practical considerations of their clinical use. For example,
they determine the form in which the agents are supplied by the manufacturer (i.e., as a gas or
liquid) and account for the resistance of the anesthetic molecule to degradation by physical
factors (e.g., heat and light) and substances it contacts during use (e.g., metal components of the
anesthetic delivery apparatus and the CO, absorbents such as soda lime). The equipment

necessary to deliver the agent safely to patients (e.g., vaporizer and breathing circuit) is
influenced by some of these properties, as are the agent’s uptake, distribution within, and
elimination (including potential for metabolic breakdown) from the patient.

Chemical characteristics

All contemporary inhalation anesthetics are organic compounds except N,O and xenon. Agents

of current interest are further classified as either aliphatic (i.e., straight or branch chained)
hydrocarbons or ethers (i.e., two organic radicals attached to an atom of oxygen; the general
structure is ROR). In the continued search for a less reactive, more potent, nonflammable
inhalation anesthetic, focus on halogenation (i.e., addition of fluorine, chlorine, or bromine;
iodine is least useful) of these compounds has predominated.

Table 2.1. Some physical and chemical properties of inhalation anesthetics

Source: Steffey E.P., Mama K.R. 2007. Inhalation anesthetics. In: Lumb and Jones’ Veterinary Anesthesia and
Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, K.A. Grimm, eds. Ames, IA: Blackwell Publishing, p. 357. N50, nitrous

oxide.
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Except for new citations where noted, references appear in the immediate past edition of this text and chapter.

4 Methoxyflurane is no longer available.

Table 2.2. PCs (solvent/gas) of inhalation anesthetics at 37°C



Source: Steffey E.P., Mama K.R. 2007. Inhalation anesthetics. In: Lumb and Jones’ Veterinary Anesthesia and
Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing, p. 359. N50,

nitrous oxide.

Solvent Desflurane Enflurane Halothane Isoflurane Methoxyflurane N,O Sevoflurane
Water = 0.78 0.82 0.62 4.50 0.47 0.60
Blood 0.42 2.00 2.54 1.46 15.00 0.47 0.68
Olive oil 18.70 96.00 224.00 91.00 970.00 1.40 47.00
Brain 1.30 2.70 1.90 1.60 20.00 0.50 1.70
Liver 1.30 3.70 210 1.80 29.00 0.38 1.80
Kidney 1.00 1.90 1.00 1.20 11.00 0.40 1.20
Muscle 2.00 2.20 3.40 2.90 16.00 0.54 3.10
Fat 27.00 83.00 51.00 45.00 902.00 1.08 48,00

Tissue samples are derived from human sources. Data are from sources referenced in the immediate past edition of this text
and chapter.

Physical characteristics

There is a constant interchange of respiratory gases (O, and CO,) between cells and the

external environment via blood. Inhalation anesthesia involves additional considerations
whereby an anesthetic must be transferred under control from a container to sites of action in
the CNS. Early in this process the agent is diluted to an appropriate amount (concentration) and
supplied to the respiratory system in a gas mixture that contains at least enough O, to support

life. The chain of events that ensues is influenced by many physical and chemical
characteristics that can be quantitatively described.

The physical characteristics of importance to our understanding of the action of inhalation
anesthetics can be conveniently divided into two general categories: those that determine the
means by which the agents are administered and those that help determine their kinetics in the
body. This information is applied in the clinical manipulation of anesthetic induction and
recovery and in facilitating changes in anesthetic-induced CNS depression in a timely fashion.

Properties determining methods of administration

A variety of physical and chemical properties determine the means by which inhalation
anesthetics are administered. These include characteristics such as molecular weight, boiling
point, liquid density (specific gravity), and vapor pressure. Inhalation anesthetics are either
gases or vapors. In relation to inhalation anesthetics the term gas refers to an agent, such as
N,O, that exists in its gaseous form at room temperature and sea level pressure. The term

vapor indicates the gaseous state of a substance that at ambient temperature and pressure is a
liquid. With the exception of N,O, all the contemporary anesthetics fall into this category.
Desflurane is one of the volatile liquids that comes close to the transition stage and offers some
unique considerations.

Whether inhalation agents are supplied as a gas or volatile liquid under ambient conditions,
the same physical principles apply to each agent when it is in the gaseous state. Molecules



move about haphazardly at high speeds and collide with each other or the walls of the
containing vessel. The force of the bombardment is measurable and referred to as pressure.
Relationships such as those described by Boyle’s law (volume vs. pressure), Charles’s law
(volume vs. temperature), Gay-Lussac’s law (temperature vs. pressure), and Dalton’s Law of
Partial Pressure (the total pressure of a mixture of gases is equal to the sum of the partial
pressures of all of the gaseous substances present), among others, are important to our overall
understanding of aspects of respiratory and anesthetic gases and vapors.

Quantities of inhalation anesthetic agent are usually characterized by one of three methods:
pressure (i.e., in millimeters of mercury [mmHg]), concentration (in volume percent [vol%]),
or mass (in milligrams [mg] or grams [g]). The form most familiar to clinicians is that of
concentration (e.g., X% of agent A in relation to the whole gas mixture). Modern monitoring
equipment samples inspired and expired gases and provides concentration readings for
inhalation anesthetics. Precision vaporizers used to control delivery of inhalation anesthetics
are calibrated in percentage of agent, and effective doses are almost always reported in
percentages.

Pressure is also an important way of describing inhalation anesthetics and is further
discussed as a measure of anesthetic potency. A mixture of gases in a closed container will
exert a pressure on the walls of the container. The individual pressure of each gas in a mixture
of gases is referred to as its partial pressure.

Molecular weight and agent density are used in many calculations to convert from liquid to
vapor volumes and mass. Briefly (and in simplified fashion), Avogadro’s principle is that
equal volumes of all gases under the same conditions of temperature and pressure contain the
same number of molecules (6.0226 x 10?3 [Avogadro’s number] per gram molecular weight).
Furthermore, under standard conditions the number of gas molecules in a gram molecular
weight of a substance occupies 22.4 L. To compare properties of different substances of
similar state, it is necessary to do so under comparable conditions; with respect to gases and
liquids this usually means with reference to pressure and temperature. Physical scientists have
arbitrarily selected standard conditions as being 0°C (273 K in absolute scale) and 760 mmHg
pressure (1 atmosphere at sea level). If conditions differ, appropriate temperature and/or
pressure corrections must be applied to resultant data.

The weight of a given volume of liquid, gas, or vapor may be expressed in terms of its
density or specific gravity. The density is an absolute value of mass (usually grams) per unit
volume (for liquids, volume = 1mL; for gases, 1L at standard conditions). The specific gravity
is a relative value, that is, the ratio of the weight of a unit volume of one substance to a similar
volume of water in the case of liquids or air in the case of gases (or vapors) under similar
conditions. The value of both air and water is 1. At least for clinical purposes, the value for
density and specific gravity for an inhalation anesthetic is the same. Thus, for example, we can
determine the volume of isoflurane gas (vapor) at 20°C from a milliliter of isoflurane liquid
according to the scheme given in Figure 2.11. This type of calculation has practical
applications.

Molecules of liquids are in constant random motion. Some of those in the surface layer gain



sufficient velocity to overcome the attractive forces of neighboring molecules, and in escaping
from the surface, enter the vapor phase. Molecules of a vapor exert a force per unit area or
pressure in exactly the same manner as do molecules of a gas. The pressure (mmHg) that the
vapor molecules exert when the liquid and vapor phases are in equilibrium is known as the
vapor pressure. Thus, the vapor pressure of an anesthetic is a measure of its ability to
evaporate; that is, it is a measure of the tendency for molecules in the liquid state to enter the
gaseous (vapor) phase. Herein lies a practical difference between substances classified as a
gas or vapor: A gas can be administered over a range of concentrations from 0% to 100%,
whereas the vapor has a ceiling that is dictated by its vapor pressure.

Figure 2.11. Example of calculations to determine the volume of isoflurane vapor at 20°C from
1 mL of isoflurane liquid.

Source: Steffey E.P., Mama K.R. 2007. Inhalation anesthetics. In Lumb and Jones’ Veterinary Anesthesia and Analgesia,
4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing, p. 360.

a. Isoflurane specific gravity = 1.49 g/mL, therefora:
1 mL liquid isoflurane = 1 mL x 1.49 g/mL =148 g

b. Since molecular weight of isoflurane = 185 g (from Table 2.1, then:
149 g + 185 g = 0.0081 mol of liquid

c. Since 1 mol of gas =22.4 L, then:
0.0081 mol x 22,400 mL/mol = 181.4 mL of isoflurane vapor at 0°C, 1 atm

d. Butvaporis at 20°C not 0°C {i.e., 273 K),
So, 181.4 = 293/273 = 194.7 mL vapor/mL liquid isoflurane at 20°C and at sea
level pressure

For substantial variation in ambient prassure, the final figure noted above
would have to be further “corrected” by a factor of: 760/ambient barometric
pressurs

The saturated vapor concentration can be easily determined by relating the vapor pressure to
the ambient pressure. For example, in the case of halothane, a maximal concentration of 32%
halothane is possible under usual conditions (i.e., [244/760] x 100 = 32%, where 760 mm Hg
is the barometric pressure at sea level). With other variables considered constant, the greater
the vapor pressure, the greater is the concentration of the drug deliverable to a patient.

The barometric pressure also influences the final concentration of an agent. For example, in
locations such as Denver, CO, where the altitude is about 5000 feet above sea level and the
barometric pressure is only about 635 mm Hg, the saturated vapor concentration of halothane
at 20°C is now (243/635) x 100 = 38.3%.

The boiling point of a liquid is defined as the temperature at which the vapor pressure of the
liquid is equal to the atmospheric pressure. Customarily, the boiling temperature is stated at the
standard atmospheric pressure of 760 mm Hg. The boiling point decreases with increasing
altitude because the vapor pressure does not change, but the barometric pressure decreases.
The boiling point of N,O is —89°C at 1 atmosphere pressure at sea level. It is thus a gas under

operating room conditions. Because of this, it is distributed for clinical purposes in steel tanks



compressed to the liquid state at about 750 psi (pounds per square inch; 750/14.9psi [1
atmosphere] = 50 atmospheres). As the N,O gas is drawn from the tanks, liquid N,O is

vaporized, and the overriding gas pressure remains constant until no further liquid remains in
the tank. At that point, only N,O gas remains, and the gas pressure decreases from this point as

remaining gas is vented from the tank. Consequently, the weight of the N,O minus the weight of

the tank, rather than the gas pressure within the tank, is a more accurate guide to the remaining
amount of N,O in the tank.

Desflurane possesses an interesting consideration because its boiling point is near room
temperature. This characteristic accounted for an interesting engineering challenge in
developing an administration device (i.e., a vaporizer) for routine use in the relatively constant
environment of the operating room and limits further consideration of its use in all but a narrow
range of circumstances commonly encountered in veterinary medical applications. For
example, because of its low boiling point, even evaporative cooling has large influences on
vapor pressure and thus the vapor concentration of gas mixtures delivered to patients.

Calculation of anesthetic concentration delivered by a vaporizer

The saturated vapor pressure of most volatile anesthetics is of such magnitude that the maximal
concentration of anesthetic attainable at usual operating room conditions is above the range of
concentrations that are commonly necessary for safe clinical anesthetic management.
Therefore, some control of the delivered concentration is necessary and usually provided by a
device known as a vaporizer. The purpose of the vaporizer is to dilute the vapor generated
from the liquid anesthetic with O, (or an O, and N,O mixture) to produce a more satisfactory

inspired anesthetic concentration. This anesthetic dilution is usually accomplished by diverting
the gas entering the vaporizer into two streams, one that enters the vaporizing chamber
(anesthetic chamber volume: V_.,..) and the other that bypasses the vaporizing chamber

(dilution volume or Vyyion)- If the vaporizer is efficient, the carrier gas passing through the

vaporizing chamber becomes completely saturated to an anesthetic concentration (percent)
reflected by (anesthetic agent vapor pressure/atmospheric pressure) x 100, at the vaporizer
chamber temperature. The resultant anesthetic concentration then is decreased (diluted)
downstream by the second gas stream to a “working” concentration. In modern, precision,
agent-specific vaporizers no mental effort is required to set the dial; the manufacturers have
precalibrated the vaporizer for accurate delivery of the dialed concentration.

To calculate the anesthetic concentration from the vaporizer, one must know the vapor
pressure of the agent (at the temperature of use), the atmospheric pressure, the fresh gas flow
entering the vaporizing chamber, and the diluent gas flow. Then:

% anesthetic = flow of anesthetic from the vaporizing chamber/total gas flow

More detail for interested readers is presented in Figure 2.12.

Properties influencing drug kinetics



Anesthetic gases and vapors dissolve in liquids and solids. The solubility of an anesthetic is a
major characteristic of the agent and has important clinical ramifications. For example,
anesthetic solubility in blood and body tissues is a primary factor in the rate of uptake and its
distribution within the body. It is therefore a primary determinant of the speed of anesthetic
induction and recovery. Solubility in lipid bears a strong relationship to anesthetic potency,
and its tendency to dissolve in anesthetic delivery components such as rubber goods influences
equipment selection and other aspects of anesthetic management.

Figure 2.12. An anesthetic vaporizer to assist in illustrating the principles associated with the
calculation of the vapor concentration of an inhalation anesthetic emerging from a vaporizer.
Conditions associated with halothane delivery in San Francisco (i.e., sea level; barometric
pressure = 760 mm Hg) at 20°C are used as an example of general principals.

Source: Steffey E.P., Mama K.R. 2007. Inhalation anesthetics. In: Lumb and Jones’ Veterinary Anesthesia and
Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing, p. 363.
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Within the body there is a partition of anesthetic gases between blood and body tissues in
accordance with Henry’s law. This process can perhaps be better understood by visualizing a
system composed of three compartments (e.g., gas, water, and oil) contained in a closed
container. In such a system the gas overlies the oil, which in turn overlies the water. Because
there is a passive gradient from the gas phase to the oil, gas molecules move into the oil
compartment. This movement in turn develops a gradient for the gas molecules in oil relative
to water. If gas is continually added above the oil, there will be a continual net movement of
the gas molecules from the gas phase into both the oil and, in turn, the water. At a given



temperature, when no more gas dissolves in the solvent, the solvent is said to be fully
saturated. At this point the pressure of the gas molecules within the three compartments will be
equal, but the amount (i.e., the number of molecules or volume of gas) partitioned between the
two liquids will vary with the nature of the liquid and gas.

Finally, it is important to understand that the amount of gas that goes into solution depends on
the temperature of the solvent. Less gas dissolves in a solvent as temperature increases, and
more gas is taken up as solvent temperature decreases. The extent to which a gas will dissolve
in a given solvent is usually expressed in terms of its solubility coefficient. With inhalation
anesthetics, solubility is most commonly measured and expressed as a PC. Other measurements
of solubility include the Bunsen and Ostwald solubility coefficients.

The PC is the concentration ratio of an anesthetic in the solvent and gas phases (e.g., blood
and gas) or between two tissue solvents (e.g., brain and blood). It thus describes the capacity
of a given solvent to dissolve the anesthetic gas; that is, how the anesthetic will partition itself
between the gas and the liquid solvent phases after equilibrium has been reached. Remember,
anesthetic gas movement occurs because of a partial pressure difference in the gas and liquid
solvent phases, so when there is no longer any anesthetic partial pressure difference there is no
longer any net movement of anesthetic, and equilibrium has been achieved.

Solvent—gas PCs are summarized in Table 2.2. The values noted in this table are for human
tissues because these values are most widely available in the anesthesia literature. Regardless
of the species, it is important to emphasize that many factors can alter anesthetic agent
solubility. Perhaps the most notable after the nature of the solvent is temperature. Of all the
PCs that have been described or are of interest, two are of particular importance in the
practical understanding of anesthetic action. They are the blood—gas and the oil—gas solubility
coefficients.

Blood—gas PCs provide a means for predicting the speed of anesthetic induction, recovery,
and change of anesthetic depth. Assume, for example, that anesthetic A has a blood—gas PC
value of 15. This means that the concentration of the anesthetic in blood will be 15 times
greater at equilibrium than that in alveolar gas. Expressed differently, the same volume of
blood, say 1 mL, will hold 15 times more of anesthetic A than 1 mL of alveolar gas despite an
equal partial pressure. Alternatively, consider anesthetic B with a PC of 1.4. This PC indicates
that, at equilibrium, the amount of anesthetic B is only 1.4 times greater in blood than it is in
alveolar air. Comparing the PC of anesthetic A with that of anesthetic B indicates that
anesthetic A is much more soluble in blood than B (nearly 11 times more soluble: 15/1.4).
From this, and assuming other conditions are equal, anesthetic A will require a longer time of
administration to attain a partial pressure in the body for a particular end point (say, anesthetic
induction) than will anesthetic B. Also, since there is more of anesthetic A contained in blood
and other body tissues under similar conditions, elimination (and therefore anesthetic
recovery) will be prolonged when compared with anesthetic B.

Uptake and elimination of inhalation anesthetics



The aim in administering an inhalation anesthetic to a patient is to achieve an adequate partial
pressure or tension of anesthetic (P,,.) in the CNS to cause a desired level of depression

commensurate with the definition of general anesthesia. Anesthetic depth varies directly with
P, .es 10 brain tissue. The rate of change of anesthetic depth is of obvious clinical importance

and depends directly on the rate of change in anesthetic tensions in the various media in which
it is contained before reaching the brain. Thus, knowledge of the factors that govern these
relationships is of fundamental importance to skillful control of general inhalation anesthesia.

Inhalation anesthetics are unique among the classes of drugs that are used to produce general
anesthesia because they are administered via the lungs. The pharmacokinetics of the inhaled
anesthetics describe the rate of their uptake by blood from the lungs, distribution in the body,
and eventual elimination by the lungs and other routes.

Anesthetic uptake

Inhalation anesthetics move down a series of partial pressure gradients from regions of higher

tension to those of lower tension until equilibrium is established. Thus, on induction, the P, .,

at its source in a vaporizer is high, as is dictated by the vapor pressure, and progressively
decreases as anesthetic travels from vaporizer to patient breathing circuit, from circuit to
lungs, from lungs to arterial blood, and, finally, from arterial blood to body tissues (e.g., the
brain) (Figure 2.13). At this point it may be also helpful to recall that although the partial
pressure of anesthetic is of primary importance, we frequently define clinical dose of an
inhaled anesthetic in terms of concentration (C; i.e., vol%). As previously noted, this is
because it is common practice for clinicians to regulate and/or measure respiratory and
anesthetic gases in volume percent. In addition, in the gaseous phase, the relationship between
the P, .. and the C_,., is a simple one:

Puwes = fractional anesthetic concentration x total ambient pressure

Anesthetic elimination

Recovery from inhalation anesthesia results from the elimination of anesthetic from the CNS.
This requires a decrease in alveolar anesthetic partial pressure (concentration), which in turn
fosters a decrease in arterial and then CNS anesthetic partial pressure.

Prominent factors accounting for recovery are the same as those for anesthetic induction.
Therefore, factors such as V,, CO, and especially agent solubility greatly influence recovery

from inhalation anesthesia. Indeed, the graphic curves representing the washout of anesthetic
from alveoli versus time are essentially inverses of the wash-in curves. That is, the washout of
the less soluble anesthetics is high at first and then rapidly declines to a lower output level that
continues to decrease but at a slower rate. The washout of more soluble agents is also high at
first, but the magnitude of decrease in alveolar anesthetic concentration is less and decreases
more gradually with time.



Biotransformation

Inhalation anesthetics are not chemically inert. They undergo varying degrees of metabolism
primarily in the liver but also, to lesser degrees, in the lung, kidney, and intestinal tract. The
importance of this is twofold. First, in a very limited way with older anesthetics, metabolism
may facilitate anesthetic recovery. Second and more important is the potential for acute and
chronic toxicities by intermediary or end metabolites of inhalation agents, especially on
kidneys, liver, and reproductive organs.

Figure 2.13. The flow pattern of inhalation anesthetic agents during anesthetic induction and
recovery. Inhalation anesthesia may be viewed as the development of a series of partial
pressure gradients. During induction there is a high anesthetic partial pressure in the vaporizer
that decreases progressively as the flow of anesthetic gas moves from its source to the brain.
Some of these gradients are easily manipulated by the anesthetist; others are not or are done so
with difficulty.

Source: Steffey E.P., Mama K.R. 2007. Inhalation anesthetics. In: Lumb and Jones’ Veterinary Anesthesia and
Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing, p. 365.
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The magnitude of metabolism of inhalation anesthetic agents is determined by a variety of
factors, including the chemical structure, hepatic enzyme activity (cytochrome P-450 enzymes
located in the endoplasmic reticulum of the hepatocyte), the blood concentration of the
anesthetic, disease states, and genetic factors (i.e., some species and individuals are more
active metabolizers of these drugs than are others, e.g., humans compared to rats).

Sevoflurane degrades in vivo to about the same extent as isoflurane and as indicated by
transient postanesthetic increases in blood and urinary fluoride levels. The peak serum fluoride
concentrations observed in people during and after sevoflurane anesthesia are low, and



nephrotoxicity is not expected. Desflurane resists degradation in vivo. The increase in serum
inorganic fluoride is much smaller than that found with isoflurane.

Anesthetic dose: The MAC

In 1963, Merkel and Eger described what has become the standard index of anesthetic potency
for inhalation anesthetics: the MAC. The MAC is defined as the minimum alveolar
concentration of an anesthetic at 1 atmosphere that produces immobility in 50% of subjects
exposed to a supramaximal noxious stimulus. Thus, the MAC corresponds to the median
effective dose (EDcj): Half of the subjects are anesthetized and half have not yet reached that
“level.” The dose that corresponds to the EDg; (95% of the individuals are anesthetized), at
least in people, is 20-40% greater than the MAC. Anesthetic potency of an inhaled anesthetic
is inversely related to the MAC (i.e., potency = 1/MAC). From information presented earlier,
it also follows that the MAC is inversely related to the oil-gas PC. Thus, a very potent
anesthetic like the formally available agent methoxyflurane, which has a high oil-gas PC, has a
lower MAC, whereas an agent with a low oil-gas PC has a higher MAC.

A number of characteristics of the MAC deserve emphasis. First, the A in MAC represents
alveolar concentration, not inspired or delivered (e.g., as from a vaporizer). This is important
because the alveolar concentration is easily monitored with contemporary technology. Also, as
we reviewed earlier, after sufficient time for equilibration (minutes), alveolar partial pressure
will more closely approximate arterial and brain anesthetic partial pressures.

Second, the MAC is defined in terms of volume percent of 1 atmosphere and therefore
represents an anesthetic partial pressure (P) at the anesthetic site of action; that is, remember,

P, = (C/100)-P,,.

where P, stands for the partial pressure of the anesthetic in the gas mixture, C is the anesthetic
concentration in volume percent, and Py, is the barometric or total pressure of the gas mixture.
Thus, although the concentration at the MAC for a given agent may vary depending on ambient
pressure conditions (e.g., sea level vs. high altitude), the anesthetic partial pressure always
remains the same. For example, the MAC for isoflurane in healthy dogs is reported as 1.63
vol%. The study reporting this value was conducted at near sea level conditions at Davis, CA
(i.e., Py, = 760 mm Hg). Based on the foregoing discussion, a MAC of 1.63vol% represents
an alveolar isoflurane partial pressure (P) of 11.6 mm Hg. In comparison, for the same dog at
Mexico City (elevation, 2240 m above sea level; P,,. = 584 mm Hg), the alveolar P, at the
MAC is expected to be the same as determined at Davis (i.e., 11.6 mm Hg), whereas the MAC
(i.e., the alveolar concentration) would be about 2.17 vol%.

Finally, it is important to note that the MAC is determined in healthy animals under
laboratory conditions in the absence of other drugs and circumstances common to clinical use
that may modify the requirements for anesthesia. General techniques for determining the MAC
in animals are given elsewhere.

In a single species the variability in the MAC (response to a noxious stimulus) is generally



small and not substantially influenced by gender, duration of anesthesia, variation in PaCO,
(from 10 to 90 mm Hg), metabolic alkalosis or acidosis, variation in PaO, (from 40 to 500 mm

Hg), moderate anemia, or moderate hypotension. Even between species the variability in the
MAC for a given agent is usually not large.
In humans, the MAC for N,O is 104%, making it the least potent of the inhalation anesthetics

currently used in this species. Its potency in other species is less than half that in humans (i.e.,
around 200%). Because the N,O MAC is above 100% it cannot be used by itself at 1

atmosphere pressure in any species and still provide adequate amounts of O,. Consequently,
and assuming that the MAC values for combinations of inhaled anesthetics are additive, N,O is

usually administered with another more potent inhalant agent to thereby reduce the
concentration of the second agent necessary for anesthesia. However, because of the potency
difference between animals and people, the amount of reduction differs in an important way.
For example, administration of 60% N,O with halothane reduces the amount of halothane

needed to produce the MAC by about 55% in healthy people but reduces it only by about 20—
30% in dogs.

Equipotent doses (i.e., equivalent concentrations of different anesthetics at the MAC) are
useful for comparing effects of inhalation anesthetics on vital organs. In this regard anesthetic
dose is commonly defined in terms of multiples of the MAC (i.e., 1.5 or 2.0 times the MAC or
simply 1.5 MAC or 2.0 MAC). From the preceding discussion, therefore, the ED.c, equals the

MAC or 1.0 MAC and represents a light level of anesthesia (clearly inadequate in 50% of
otherwise unmedicated, healthy animals). The EDq is 1.2—1.4 MAC, and 2.0 MAC represents

a deep level of anesthesia, in some cases even an anesthetic overdose. The concept of MAC
multiples can be used to compare drug effects and contrast pharmacodynamics of multiple
doses of a specific drug.

Actions and toxicity of the volatile anesthetics

All contemporary inhalation anesthetic agents in one way or another influence vital organ
function. Some actions are inevitable and accompany the use of all agents, whereas other
actions are a special or prominent feature of one or a number of the agents. In addition, dose—
response relationships of inhalation anesthetics are not necessarily parallel. Differences in
action, and especially undesirable action, of specific anesthetic agents form the basis for
selecting one agent over another for a particular patient and/or procedure. Undesirable actions
also provide primary impetus for development of new agents and/or anesthetic techniques.

CNS

Inhalation anesthetics affect the CNS in many ways. Mostly these agents are selected because
they induce a reversible, dose-related state of CNS (somatic and motor) unresponsiveness to
noxious stimulation: that is, a state of general anesthesia. Interestingly, although clinical
anesthesia was introduced more than 150 years ago, the sites and mechanisms by which



general anesthetics (including the inhalation anesthetics) cause unresponsiveness to surgical or
other forms of noxious stimulation remain unknown. Traditionally, this summary state we refer
to as general anesthesia was assumed to result from a focus in the brain. However, mounting
evidence is causing a shift in thinking such that this state we know as general anesthesia is
likely the collection of a number of end points that are distinct and site specific, and include
supraspinal and spinal events.

Electroencephalographs effects

The electroencephalograph (EEG) is used to help identify pathological brain disorders and to
predict the outcome of brain insults. Studies have also shown that general anesthesia alters
EEG parameters, and we apply this knowledge to better understand anesthetic circumstances.
In general, as the depth of anesthesia increases from awake states, the electrical activity of the
cerebral cortex becomes desynchronized. With further increases in anesthetic concentration, a
decrease in frequency and increased amplitude of the EEG waves occur. The wave amplitude
increases to a peak (about 1 MAC), and then, with further dose increase, the amplitude
progressively declines (burst suppression occurs at about 1.5 MAG; i.e., bursts of slow high-
voltage activity separated by electrical silence) and eventually becomes flatline
(predominance of electrical silence). With isoflurane, an isoelectric pattern occurs at about 2.0
MAC, whereas, on the other extreme, it is not seen with halothane until >3.5 MAC. The two
newest volatile anesthetics—sevoflurane and desflurane—cause dose-related changes similar
to those of isoflurane.

Cerebral metabolism

All volatile anesthetics decrease cerebral metabolic rate (CMR; cerebral O, consumption).

The magnitude of decrease is least with halothane but similar with isoflurane, sevoflurane, and
desflurane.

CBF

The volatile anesthetics cause no change or often an increase in CBF. The net effect is likely
the sum of a tendency both to decrease CBF due to anesthetic-induced reductions in cerebral
O, consumption, while increasing CBF due to vasodilation caused by direct anesthetic action

on vascular smooth muscle. The rank order of CBF increase is generally regarded as halothane
> enflurane, isoflurane, desflurane, and sevoflurane (all four being similar).

ICP

The inhalation anesthetics increase ICP, and this change parallels the CBF increase that
similarly accompanies these agents. It is generally regarded across species lines that ICP
increases can be decreased by hyperventilation and decreasing PaCO,. Accordingly, use of

hyperventilation is a common strategy in clinical situations in which even small elevations in



ICP are of special concern.

Analgesia

A clinically desirable general anesthetic includes both hypnotic and analgesic actions.
However, studies to differentiate hypnotic potency from analgesic potency within the anesthetic
concentration range are, at the least, difficult to interpret. Studies of subanesthetic
concentrations of inhalation anesthetics have been performed but with conflicting results. Some
inhalation anesthetics have been reported to increase the response threshold to noxious
stimulation compared with similar, but unmedicated, conditions (e.g., diethyl ether), whereas
others (e.g., isoflurane and sevoflurane) do not change the threshold, and still others, like
halothane, may decrease the threshold for response and contribute a heightened awareness to
noxious stimulation (i.e., antianalgesia).

Respiratory system

Inhalation anesthetics depress respiratory system function. The volatile agents, in particular,
decrease ventilation in a drug-specific and species-specific manner. Depending on conditions,
including species of interest, some of the most commonly considered measures of breathing
effectiveness—that is, f and V+—may not be revealing or may even be misleading. In general,
spontaneous ventilation progressively decreases as inhalation anesthetic dose is increased,
because at low dose, Vy decreases more than f increases. As anesthetic dose is further

increased, f also decreases. In otherwise unmedicated animals (as well as people) anesthetized
with volatile agents, respiratory arrest occurs at 1.5-3.0 MAC. The overall decrease in Vi and

the likely variable increase in dead-space ventilation reduce V,. In addition, the normal
stimulation of ventilation caused by increased PaCO, (or decreased PaO,) is depressed by the
inhalation anesthetics, presumably via the action of these agents directly on the medullary and
peripheral (aortic and carotid body) chemoreceptors. Changes in perianesthetic PaO,, other
than what might be related to the magnitude of V,, are not notably different among the various
inhalation anesthetics in a given species.

Cardiovascular system

All of the volatile inhalation anesthetics cause dose-dependent and drug-specific changes in
cardiovascular performance. The magnitude and sometimes direction of change may be
influenced by other variables that often accompany general anesthesia. The mechanisms of
cardiovascular effects are diverse but often include direct myocardial depression and a
decrease in sympathoadrenal activity.

All of the volatile anesthetics decrease CO. The magnitude of change is dose related and
depends on the agent. In general, among the contemporary agents in use with animals, halothane
depresses CO the most. Desflurane in many ways is similar in cardiovascular action to
isoflurane, whereas sevoflurane has characteristics resembling both halothane and isoflurane.



All three of the newer volatile anesthetics tend to preserve CO at clinically useful
concentrations. The decrease in CO is largely due to a decrease in SV as a result of dose-
related depression in myocardial contractility.

The effect of inhalation anesthetics on HR is variable and depends on agent and species. For
example, in humans, HR is not substantially altered with halothane anesthesia but is usually
increased by isoflurane, desflurane, and sevoflurane. Compared with conditions in awake,
calm dogs, HR is increased with the use of any of the four anesthetics listed. There is evidence
to suggest that differences between agents in the degree of increase in HR in dogs are
explained by differences in the vagolytic activity of the agents. In dogs, the HR usually remains
constant over a range of clinically useful alveolar concentrations in the absence of other
modifying factors (e.g., noxious stimulation). The distribution of blood flow to organs is
altered during inhalation anesthesia.

Volatile anesthetics cause a doseidependent decrease in arterial BP. In general the dose-
related decrease in arterial BP is similar regardless of the species studied. In animals, the
doseirelated decrease in BP with all four of the contemporary agents is usually related, mostly
to a decrease in SV. In some cases (agent and/or species) a decrease in peripheral vascular
resistance may also play an important, but lesser, role. This common scenario in animals
differs from results generally reported from studies with people anesthetized at least with
isoflurane, sevoflurane, and desflurane, whereby pressure decreases primarily from a decrease
in SVR.

Inhalation anesthetics may increase the automaticity of the myocardium and the likelihood of
propagated impulses from ectopic sites, especially from within the ventricle. Although
spontaneously derived dysrhythmias were most notable with earlier inhalation anesthetics
(e.g., halothane), none of the three most recently introduced ether-derivative agents appear to
predispose the heart to generated extrasystoles.

Drugs administered immediately before or in conjunction with inhalation anesthetics
(preanesthetic medication, injectable anesthetic induction drugs, vasoactive and cardiotonic
drugs, etc.) may influence cardiovascular function by altering the anesthetic requirement (i.e.,
the MAC and thereby increase or decrease anesthetic level) or by their own direct action on
cardiovascular performance. Injectable drugs, such as acepromazine, alpha, agonists,

thiobarbiturates, and dissociatives (e.g., ketamine), are frequently administered to animals as
part of their anesthetic management. These drugs confound the primary effects of the inhalation
anesthetics and may accentuate cardiovascular depression.

Effects on the kidneys

It is generally regarded that present-day volatile anesthetics produce similar mild, reversible,
dose-related decreases in renal blood flow and glomerular filtration rate and that such changes
largely reflect an anesthetic-induced decrease in CO. However, some studies show little or no
change in these kidney-related parameters. As a consequence of the anesthetic-induced
decrease in glomerular filtration, healthy anesthetized animals commonly produce a smaller



volume of concentrated urine compared with when awake. An increase in serum urea nitrogen,
creatinine, and inorganic phosphate may accompany especially prolonged anesthesia.

The reduction in renal function is highly influenced by an animal’s state of hydration and
hemodynamics during anesthesia. Accordingly, attendant IV fluid therapy and prevention of a
marked reduction in renal blood flow will lessen or counteract the tendency for reduced renal
function. In most cases, effects of inhalation anesthesia on renal function are rapidly reversed
after anesthesia.

Among the inhalation anesthetics, methoxyflurane is the most nephrotoxic. Although it is no
longer available for use in human or in animal patients, its actions are of patho-physiological
interest and therefore is briefly reviewed here. Particularly in humans and in some strains of
rats, the use of methoxyflurane caused renal failure that was characterized not by oliguria but
by a large urine volume unresponsive to vasopressin. This was caused by the
biotransformation of methoxyflurane and the large release of free fluoride ion that, in turn,
directly damaged the renal tubules. With the possible exception of enflurane and sevoflurane,
the breakdown of other inhalation anesthetics does not pose a risk of fluoride-induced
nephrotoxicity. Biotransformation of enflurane and sevoflurane by humans following a
moderate duration of anesthesia causes serum inorganic fluoride concentrations to increase
even beyond the 50 pmol/L level, which is normally considered the nephrotoxic threshold in
humans. However, clinical, histological, or biochemical evidence of injury related to increases
in fluoride has only rarely been reported in human patients. The overriding consensus is that
sevoflurane has little potential for nephrotoxicity caused by defluorination.

Two factors may explain the general lack of injury despite the body’s ability to degrade
sevoflurane. In 1977, Mazze et al. proposed that the area under the serum fluoride
concentration-versus-time curve may be a more important determinant of nephrotoxicity than is
peak serum fluoride concentration. Because sevoflurane is poorly soluble and is rapidly
eliminated via the lungs, the duration of its availability for biotransformation is notably
limited. More recently, Kharasch and coworkers proposed another consideration: Sevoflurane
is primarily metabolized by the liver, whereas hepatic and renal sites are important for
methoxyflurane breakdown. The relative lack of intrarenal anesthetic defluorination may
markedly reduce its nephrotoxic potential.

Sevoflurane is degraded by CO, absorbents such as soda lime and Baralyme (Chemetron

Medical Division, Allied Healthcare Products, St. Louis, MO). A nephrotoxic breakdown
product, compound A, is produced. Compound A can cause renal injury and death in rats, and
the concentration threshold for nephrotoxicity in rats is within the range of concentrations that
may be found associated with the anesthetic management of human patients. Not surprisingly,
compound A is formed in the rebreathing circuits used for animals in veterinary medical
practice. The ultimate importance of in vitro sevoflurane degradation to the well-being of
veterinary patients like dogs and cats remains to be established, but clinical impression is that
the risk is relatively low.



Effects on the liver

Depression of hepatic function and hepatocellular damage may be caused by the action of
volatile anesthetics. Effects may be mild and transient or permanent, and injury may be by
direct or indirect action. A reduction in intrinsic hepatic clearance of drugs along with
anesthetic-induced alteration of other pharmacokinetically important variables (e.g., reduced
hepatic blood flow) fosters a delayed drug removal or an increase in plasma drug
concentration during anesthesia.

All of the potent inhalation anesthetics can cause hepatocellular injury by reducing liver
blood flow and oxygen delivery. However, available data suggest that, of the four
contemporary volatile anesthetics, isoflurane is most likely to better maintain tissue O, supply

and thereby is the agent least likely to produce liver injury even when administered for
prolonged periods. The effects of the two newest agents, sevoflurane and des-flurane, are
nearly similar to isoflurane, whereas halothane produces the most striking adverse changes.

It now appears that halothane produces two types of hepatotoxicity in susceptible
individuals. One is a mild, self-limiting postanesthetic form of hepatocellular destruction and
associated increase in serum concentrations of liver enzymes. Signs of hepatotoxicity occur
shortly after anesthetic exposure. The other is a rare, severe, often fatal hepatotoxicity with
delayed onset and largely clinically limited to human patients (i.e., halothane hepatitis) and
thought to be an immune-mediated toxicity.

Effects on skeletal muscle: Malignant hyperthermia

Malignant hyperthermia (MH) is a potentially life-threatening pharmacogenetic myopathy that
is most commonly reported in susceptible human patients and swine (e.g., Landrace, Pietrain,
or Poland China strains). However, reports of its occurrence in other species are available.
All of the four contemporary volatile anesthetics can initiate MH, but halothane is the most
potent triggering agent relative to other inhalation anesthetics. The syndrome is characterized
by a rapid rise in body temperature that, if not treated quickly, causes death. Monitoring of
temperature and CO, production is warranted in susceptible or suspected patients. Patients

known to be susceptible to MH can be anesthetized safely. Avoiding the use of triggering
agents and administering prophylactic dantrolene before anesthesia are effective in preventing
the onset of MH.

Nitrous oxide-specific toxicities

Nitrous oxide was introduced into clinical practice more than 150 years ago. Since then, its
use has formed the basis for more general anesthetic techniques in human patients than any
other single inhalation agent. Its use became widespread because of its many desirable
properties, including low blood solubility, limited cardiovascular and respiratory system
depression, and apparently relatively minimal toxicity. Its use in the anesthetic management of
animals became a natural extension of its use in people.



Despite its use, nitrous oxide is not the ideal anesthetic for people or animals. To derive the
important benefits from the use of N,O, it is usually administered in high inspired
concentrations. However, as the concentration of N,O is increased, there is a change in the
proportion and partial pressure of the various other constituents of the inspired breath, notably
O,. Consequently, to avoid hypoxemia, 75% of the inspired breath is the highest concentration
that can be administered safely under conditions at sea level. Use of N,O at locations above
sea level requires a lower N,O concentration to ensure an adequate partial pressure of
inspiratory O, (PiO,). Nitrous oxide has less value in the anesthetic management of animals
than in that of human patients because the anesthetic potency of N,O in animals is only about
half of that found for humans, thus, the value of N,O in veterinary clinical practice is primarily
as an anesthetic adjuvant.

Nitrous oxide’s low blood solubility is responsible for a rapid onset of action. Although it
does not have the potency to produce anesthesia, it may be used to speed induction of
inhalation anesthesia as a result of its own (albeit limited) CNS effects and, as mentioned
earlier, also by augmenting the uptake of a concurrently administered more potent volatile
anesthetic such as halothane (the second gas effect). When a high concentration of N,O is
administered concurrently in a mixture with an inhalation agent (e.g., N,O plus halothane), the
alveolar concentration of the simultaneously administered anesthetic (halothane) increases
more rapidly than when the “second” gas has been administered without N,O. The second gas
effect is the result of an increased inspiratory volume secondary to the large volume of N,O
taken up (remember, N,O is used at high concentrations), and a concentrating effect on the
second gas in a smaller volume (and thus increased gradient for transfer to blood) as a result of
the uptake of the large volume of N,O.

N,O’s effects on cardiovascular and respiratory function (other than reducing the inspired O,

concentration) are small compared with other inhalation anesthetics. It does depress
myocardial function directly, but its sympathetic stimulation properties counteract some of the
direct depression (its own as well as that from accompanying volatile anesthetics). As a result
of its sympathetic nervous system activation it may contribute to an increased incidence of
cardiac arrhythmias. Overall, a conservative outlook regarding N,O use relative to respiration
and circulation is that significant concern is warranted only in patients with initially
compromised function. As with any agent, its advantages and disadvantages should be weighed
on an individual patient basis.

Nitrous oxide has little or no effect on liver and kidney function. Although there is evidence
of N,O-induced interference with the production of red and white blood cells by bone marrow,

the risk of adverse outcomes to a patient exposed under most clinical veterinary circumstances
is little or none. However, prolonged exposure to N,O causes megaloblastic hematopoiesis
and polyneuropathy. Seriously ill patients may have increased sensitivity to these toxicities.
Problems result from N,O-induced inactivation of the vitamin Bj,-dependent enzyme



methionine synthase, an enzyme that controls interrelations between vitamin B, and folic acid
metabolism. Although an occasional patient may develop signs suggestive of vitamin B, and
folic acid deficiency after an anesthetic technique that includes the use of N,O, this is a rare
event in human and animal patients.

Nitrous oxide is rapidly and mainly eliminated in the exhaled breath. The extent of
biotransformation (to molecular nitrogen [N,]) is very small and mainly by intestinal flora.

Transfer of nitrous oxide to closed gas spaces

Gas spaces exist or may exist in the body under a variety of conditions and to varying degrees.
For example, gas is normally found in the stomach and intestines. The gut is a dynamic
reservoir; the gas it contains is freely movable into and out of it according to the laws of
diffusion. The gas in the gut originates from air swallowing, normal production of bacteria,
chemical reactions, and diffusion from the blood. There is marked variability in both
composition and volume of stomach and bowel gas (e.g., herbivore vs. carnivore). There are
other natural air cavities, such as the air sinuses and the middle ear, and then there are
circumstances in which air may be electively or inadvertently introduced as part of diagnostic
or therapeutic actions (e.g., pneumoencephalogram, pneumocystogram, endoscopy, and
vascular air emboli).

Potential problems associated with gas spaces arise when an animal breathing air is given a
gas mixture containing N,O. Nitrogen is the major component of air (80%) and of most gas

spaces (methane, CO,, and hydrogen are also found in variable quantities in the gut). When
N,O is introduced into the inspired breath, a reequilibration of gases in the gas space begins
with N,O quickly entering and N, slowly leaving. That is, because of its greater blood
solubility, the volume of N,O that can be transported to a closed gas space is many times the
volume of N, that can be carried away. For example, the blood—gas PC for N,O is 0.47,
whereas that for N. is about 0.015. Thus, N,O is more than 30 times more soluble in blood than
is N. (0.47/0.015). The result of the net transfer of gas to the gas space can be manifested as

an increase in volume, as with the gut, pneumothorax, or vascular air embolus; an increase in
pressure (e.g., middle ear or pneumoencephalogram); or both (as the distending limits of the
compliant space are reached). Usually air is used to inflate the cuff of an endotracheal tube.
This cuff is another relatively compliant, enclosed air space. Nitrous oxide will similarly
expand this gas space and may increase the pressure exerted on the tracheal wall.

Occupational exposure: Trace concentrations of inhalation
anesthetics

Operating room personnel are often exposed to low concentrations of inhalation anesthetics.
Ambient air is contaminated via vaporizer filling, known and unknown leaks in the patient
breathing circuit, and careless spillage of liquid agent. Measurable amounts of anesthetic gases



and vapors are present in operating-room air under a variety of conditions. Personnel inhale
and, as shown by studies, retain these agents for some time. The slow rate of elimination of
some vapors (especially the more blood-soluble agents like halothane) enables retained trace
anesthetic quantities to accumulate from one day to the next.

Concern is raised because epidemiological studies of humans and laboratory studies of
animals have suggested that chronic exposure to trace levels of anesthetics may constitute a
health hazard. Of particular concern are reports that inhaled anesthetics possess mutagenic,
carcinogenic, or teratogenic potential. Depending on the point in life at which exposure occurs,
there is concern that these underlying mechanisms, in turn, may be responsible for an increased
incidence of fetal death, spontaneous abortion, birth defects, or cancer in exposed workers.
However, to date, no genotoxic effect of long-term or short-term exposure to inhaled
anesthetics has been demonstrated in humans.

Although the data to date, especially regarding effects on human reproduction, remain
equivocal, a firm cause-and-effect relationship between chronic exposure to trace levels of
anesthetics and human health problems does not exist. Although the risk of long-term exposure
to trace concentrations of anesthetics for those in operating room conditions appears minimal,
current evidence is suggestive enough to cause concern and to encourage practices to reduce
the contamination by anesthetics of operating room personnel. Indeed, exposure levels have
been recommended by the government: 2.0 parts per million (ppm) for volatile agents and
25ppm for N,O. In this regard, inexpensive methods to reduce and control anesthetic exposure

by operating room personnel are available and should be used.

Muscle relaxants and neuromuscular blockade

Muscle relaxants are anesthetic adjuncts administered to improve relaxation of skeletal
muscles during surgical or diagnostic procedures. The term neuromuscular blocking agents
(NMBAs) is a cumbersome, but descriptive, name that refers to this class of drugs producing
their effect by actions at the neuromuscular junction. The more general term muscle relaxant
refers to any drug that has relaxant properties and would include centrally acting agents such as
benzodiazepines, alpha, adrenoceptor agonists, and guaifenesin. Although used frequently in

human anesthesia and in some veterinary specialties such as ophthalmology, the use of NMBAs
in general veterinary practice is limited.

Physiology of the neuromuscular junction

All NMBAs exert their effects at the neuromuscular junction, which forms the interface
between the large myelinated motor nerve and the muscle that is supplied by that nerve. The
neuromuscular junction itself may be divided into the prejunctional motor nerve ending, the
synaptic cleft, and the postjunctional membrane of the skeletal muscle fiber. Present on the
prejunctional and postjunctional areas of the neuromuscular junction are nicotinic receptors,
which bind and respond to ACh or another suitable ligand. The pre-junctional receptor is



thought to be important in the synthesis and mobilization of ACh stores, but not for its release.
There appear to be two types of postjunctional receptors: junctional and extrajunctional. The
junctional receptors are found on the motor end plates of normal adult animals and are
responsible for interacting with the released ACh, initiating muscle contraction. Antagonism of
ACh at the junctional receptors is responsible for the relaxant effect seen when an NMBA is
administered. The extrajunctional receptors are not present in high numbers on the skeletal
muscle membranes of adult mammals, but are important because they are synthesized by
muscles that are receiving a less than normal degree of motor nerve stimulation. Thus, their
number may be increased following spinal cord injury or after a period of muscle disuse, such
as when a limb is cast. They are also present in neonates. Extrajunctional receptors appear to
be more responsive to depolarizing NMBAs such as succinylcholine and less responsive to
nondepolarizing NMBAs such as atracurium. If the degree of neuromuscular deficit is severe,
extrajunctional receptors may be more numerous and widely distributed over the muscle
membrane. Such patients may have a more intense response to the actions of a depolarizing
NMBA and a more profound release of intracellular potassium ions (K") with its concomitant
adverse cardiac effects.

The prejunctional nerve endings synthesize and store a quantity of ACh in synaptic vesicles.
During normal neuromuscular transmission, an action potential arrives at the prejunctional
motor nerve ending, causing depolarization of the nerve terminal. ACh is rapidly hydrolyzed
into choline and acetate by acetylcholinesterase. Thus, the muscle cell is depolarized by the
end-plate potential created by the binding of ACh to the receptor and then is repolarized as the
ACh is removed from the receptor and hydrolyzed.

Depolarizing and nondepolarizing drugs

Depolarizing and nondepolarizing neuromuscular junction-blocking drugs both have an affinity
for, and bind to, nicotinic ACh receptors at the neuromuscular junction; however, their intrinsic
activity at the receptor is very different. Nondepolarizing drugs bind to the receptor but do not
activate it. Their onset of action is characterized by a progressive weakening of muscle
contraction and, ultimately, flaccid paralysis. Depolarizing drugs also bind to the receptor and,
similar to ACh, the receptor is stimulated, causing depolarization of the postjunctional
membrane. Unlike ACh, succinylcholine and other depolarizing NMBAs are not susceptible to
breakdown by acetylcholinesterase and thus the ion channel remains open and repolarization
does not occur. The persistent state of depolarization associated with administration of
depolarizing NMBAs causes inexcit-ability of the motor end plate and, as with
nondepolarizing NMBA, flaccid paralysis results. In addition to the differing mechanism of
action of depolarizing drugs, several other differences are clinically apparent when comparing
depolarizing and nondepolarizing NMBAs.

Succinylcholine administration can cause muscle fasciculations immediately prior to the
development of flaccid paralysis. Large doses, repeated administration, or administration of
succinylcholine as an infusion causes the character of the block to change from the



aforementioned classic depolarizing action (i.e., phase I block) to a phase II block, which
resembles that of nondepolarizing drugs such as d-tubocurarine. Despite years of investigation
into the genesis of phase II block, its mechanism is still not clearly understood.

Prolonged exposure of the cholinergic receptors to the agonist succinylcholine likely causes
receptor desensitization, channel blockade, or a combination of both. Both receptor
desensitization and channel blockade have properties that would mimic those of the
nondepolarizing NMBAs and thus would change the mechanism and nature of the
succinylcholine-induced block.

Individual neuromuscular blocking drugs

The NMBASs are quaternary ammonium compounds that mimic the quaternary nitrogen atom of
ACh. They are attracted to the nicotinic receptors at the motor end plate, as well as to nicotinic
receptors located in autonomic ganglia. Most NMBAs are positively charged, water-soluble
compounds that have a limited volume of distribution and, in many cases, limited hepatic
biotransformation. The low lipid solubility exhibited by the NMBAs limits drug transfer
across membrane structures, including the placenta and blood-brain barrier. Hepatic
metabolism and redistribution to sites other than the skeletal muscles are not major
mechanisms in the termination of NMBA effects. An exception is vecuronium, where biliary
excretion is important in its elimination from the body. Because of their water solubility, most
NMBAs are excreted by glomerular filtration and are generally not reabsorbed by the renal
tubules. The water-soluble nature of these drugs may also contribute to the observation that
neonates may require relatively higher doses of NMBAs because neonates have a higher
percentage of body water than do adults and typically higher apparent volumes of distribution
for water-soluble drugs. Recommended doses of muscle relaxants used in common
domesticated species are listed in Table 2.3.

Table 2.3. Doses of commonly used NMBAs in some domestic species
Source: Martinez E.A., Keegan R.D. 2007. Muscle relaxants and neuromuscular blockade. In: Lumb and Jones’

Veterinary Anesthesia and Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell
Publishing, p. 423.

Drug (mg/kg) Dog Cat Horse

Succinylchaline 0.3-0.4 0.2 0.12-0.15

Pancuronium 0.07 0.06 012

Atracurium 01502 0.15-0.25 0.07-0.15

Vecuronium 0.1-0.2 0.025-0.05 0.1

Pipecuronium 0.05 0.003
Succinylcholine

This is currently the only depolarizing NMBA used in veterinary medicine. Structurally, the
succinylcholine molecule is two ACh molecules joined end to end. This drug is rapidly
hydrolyzed in plasma by pseudocholinesterase (plasma cholinesterase), so only a small



fraction of the injected dose survives degradation in plasma to reach the site of action at the
neuromuscular junction. Very little pseudocholinesterase is present in the synaptic cleft, so
succinylcholine-induced paralysis is terminated by diffusion of the drug away from the
neuromuscular junction and into the extracellular fluid. Paradoxically, the rapid degradation of
succinylcholine in the plasma is in some way responsible for the rapid onset of effect achieved
by the drug. Because of the rapid degradation by plasma pseudocholinesterase, comparatively
large doses of succinylcholine may be administered without worry of an increased duration of
effect. The higher the succinylcholine dose, the more rapid the onset of paralysis will be. This
strategy does not apply when using nondepolarizing NMBAs, where a significant increase in
the duration of action will follow increased dosages.

Pseudocholinesterase is synthesized in the liver, and production is decreased by liver
disease, chronic anemia, malnutrition, burns, pregnancy, cytotoxic drugs, metoclopramide, and
cholinesterase inhibitor drugs. Additionally, species differences in pseudo-cholinesterase
activity may exist. A reduction in plasma cholinesterase activity can be expected to prolong the
action of succinylcholine.

Pancuronium

Pancuronium was the first in a series of nondepolarizing NMBAs having a steroid nucleus. The
drug has a dose-dependent onset of approximately 5 minutes and action ranging from 40 to 60
minutes in dogs. A large fraction of the drug is excreted by the kidney and the remainder is
metabolized by the liver. In addition to having affinity for the nicotinic receptors at the
neuromuscular junction, pancuronium can also inhibit cardiac muscarinic receptors, thus
mildly to moderately increasing HR in some patients.

Atracurium

This is a short-acting nondepolarizing NMBA having a benzylisoquinoline structure similar to
that of d-tubocurarine. The drug has a dose-dependent onset of action of approximately 5
minutes, and its action lasts approximately 30 minutes in dogs. Repeated doses do not tend to
be cumulative, so neuromuscular blockade is sometimes maintained via continuous IV infusion.
Atracurium is unique in that almost half of it is degraded by Hofmann elimination and
nonspecific ester hydrolysis. The remaining fraction is degraded by as yet undefined routes,
although evidence exists that its action is not prolonged in people in hepatic or renal failure.
Hepatic metabolism and renal excretion are not necessary for termination of effect.
Consequently, atracurium may be administered to patients with hepatic or renal insufficiency
without significantly increasing its duration of action.

Hofmann elimination is a process of spontaneous molecular decomposition and appears to
be pH and temperature dependent. It does not require enzymatic activity. Because Hofmann
elimination may occur ex vivo, atracurium should be kept refrigerated and is supplied at a pH
of 3.25-3.65. When injected intravenously, it spontaneously decomposes into laudanosine and
a quaternary monoacrylate at physiological pH and temperature. The laudanosine metabolite is




a known CNS stimulant and can induce seizures. Unlike atracurium, laudanosine is almost
totally dependent on hepatic biotransformation for elimination; thus, laudanosine plasma
concentrations may be elevated in patients who have hepatic insufficiency and are given
atracurium for longer surgical procedures.

Ester hydrolysis of atracurium is accomplished by several plasma esterases unrelated to
plasma cholinesterase. In contrast to succinylcholine metabolism, the duration of action of
atracurium is not prolonged in the presence of cholinesterase inhibitors.

Many NMBAs having the benzylisoquinoline structure are associated with histamine release
and a varying degree of hypotension. Newer drugs having the benzylisoquinoline structure,
such as atracurium and mivacurium, require several times the effective dose for neuromuscular
blockade before appreciable amounts of histamine are released. Although signs of histamine
release, such as hypotension and tachycardia, are not usually observed when atracurium is
administered, slow IV administration is always preferred.

Cisatracurium

Atracurium is a racemic mixture of 10 optical isomers. The IRtcis, 1R9-cis isomer, or
cisatracurium, comprises approximately 15% of racemic atracurium, is approximately four
times more potent, and has much less potential for histamine release. For example, in cats,
plasma histamine concentrations were unchanged when up to 60 times the effective dose of
cisatracurium was administered. Cisatracurium has a similar onset time and duration of action
to atracurium. Hofmann elimination metabolizes more than half the administered dose of
cisatracurium, but, unlike with the racemic compound, ester hydrolysis does not occur. As with
atracurium, Hofmann elimination causes laudanosine production. Since cisatracurium is
approximately fourfold as potent as atracurium, the administered dose is correspondingly less,
as is production of laudanosine.

Vecuronium

Introduced in the 1980s, this was one of the first NMBAs free of cardiovascular effects. This
drug has a doset dependent onset of action of approximately 5 minutes and an intermediate
duration of action similar to that of atracurium: 30 minutes. As with atracurium, a cumulative
effect with subsequent doses is not a prominent feature of this drug. Vecuronium is unstable
when prepared in solution and is supplied as a lyophilized powder that is reconstituted with
sterile water prior to injection. The powder does not need refrigeration and, once
reconstituted, the solution is stable for 24 hours. Slightly more than half of the drug is
metabolized by hepatic microsomal enzymes and excreted in the bile while a significant
fraction undergoes renal elimination.

Rocuronium

This is a derivative of vecuronium, having approximately one-eighth the potency of the parent
compound. Since vecuronium and rocuronium have similar molecular weights and rocuronium




has lower potency, a higher injected dose of rocuronium places a greater number of molecules
near the neuromuscular junction, translating into a more rapid onset of neuromuscular
blockade. The rapid onset of effect of rocuronium makes the drug an attractive nondepolarizing
alternative to succinylcholine for tracheal intubation. Its duration of action in dogs is similar to
that of vecuronium and atracurium. Similar to vecuronium, rocuronium seems to be without
cardiovascular effects and does not release histamine. The primary route of elimination is via
the hepatic system while a small fraction is eliminated via the kidney.

Doxacurium

This is a very potent benzylisoquinoline NMBA with a long duration of action. Similar to other
benzylisoquinoline NMBAs such as atracurium, doxacurium does not have vagolytic properties
or cause ganglion blockade. Similar to cisatracurium, administration of clinical doses does not
cause appreciable histamine release. Doxacurium appears to be minimally metabolized and is
excreted unchanged into the bile and urine.

Mivacurium

This drug is a rapid-acting, short-duration NMBA marketed for use in humans for facilitating
tracheal intubation at anesthetic induction. Similar to atracurium, mivacurium can induce
histamine release if high doses are administered. Mivacurium is rapidly biotransformed by
plasma pseudocholinesterase, and metabolites do not have appreciable neuromuscular
blocking activity. Its dose-dependent duration of action differs between species. The action of
typical doses used in humans lasts approximately 25 minutes, about one-half to one--hird less
than that of atracurium. Mivacurium also shows marked differences in potency among species,
being much more potent in dogs than in people. In dogs, one-third of the human dose is
associated with blockade that is five times longer. The differences in duration of action
between species may in part reflect the reduced activity of pseudocholinesterase in dogs,
because normal plasma cholinesterase concentrations for dogs are reportedly from 19% to
76% of human values. Also, canine pseudocholinesterase enzyme might have differing affinity
for the three primary isomers of mivacurium. Clinical observations indicate that mivacurium
has a much briefer action in cats than in dogs.

Precautions

Because the muscles of respiration are paralyzed, ventilation must be controlled, either by a
mechanical ventilator or by a staff member who can manually ventilate the patient until muscle
strength is restored. Muscle relaxants have no sedative, anesthetic, or analgesic properties, so
it is critical that the animal be adequately anesthetized to render it completely unconscious.
Assessing the level of anesthesia in a paralyzed patient is more difficult than in a nonparalyzed
patient because the usual indicators of depth (e.g., purposeful movement in response to a
noxious stimulus, palpebral response, and jaw tone) are abolished. When including an NMBA
in an anesthetic protocol, anesthetists must be certain they can reliably maintain an adequate



plane of surgical anesthesia and level of ventilation.

Reversal of neuromuscular blockade

As previously reviewed, acetylcholinesterase is present in high concentrations at the
neuromuscular junction. It hydrolyzes ACh into choline and acetic acid, terminating the effects
of ACh. The effects of nondepolarizing muscle relaxants are antagonized by administering an
anticholinesterase (also known as an acetylcholinesterase inhibitor). This class of drugs
inhibits the enzyme acetylcholinesterase, increasing the concentration of ACh molecules at the
neuromuscular junction. Since nondepolarizing muscle relaxants and ACh compete for the
same postsynaptic binding sites, the ACh increase can tip the balance of competition in favor
of ACh, and neuromuscular transmission is restored.

The anticholinesterase drugs used to antagonize neuromuscular blockade include
edrophonium, neostigmine, and pyridostigmine. They differ in how they inhibit
acetylcholinesterase activity. Edrophonium produces a reversible inhibition by electrostatic
attachment to the anionic site and by hydrogen bonding at the esteratic site on
acetylcholinesterase. The action of edrophonium is relatively brief because a covalent bond is
not formed and ACh can easily compete with edrophonium for access to the enzyme.
Neostigmine and pyridostigmine inhibit acetylcholinesterase by forming a carbamylester
complex at the esteratic site of acetylcholinesterase. This bond lasts longer when compared
with the bond of the enzyme with ACh, thereby preventing acetylcholinesterase from accessing
ACh.

The ACh accumulation following the administration of an anticholinesterase drug is not
specific to the neuromuscular junction. While nicotinic effects occur at the neuro-muscular
junction and autonomic ganglia, muscarinic cholinergic effects occur because of inhibition of
acetylcholinesterase at the sinus node, smooth muscle, and glands. Clinical effects of increased
ACh concentrations at these sites include bradycardia, sinus arrest, bronchospasm, miosis,
intestinal hyperperistalsis, and salivation. For this reason, it is advised that an anticholinergic
drug, either atropine or glycopyrrolate, be administered immediately prior to reversal of
neuromuscular blockade with an anticholinesterase.

Recovery from succinylcholine (phase I block) is rapid and spontaneous because of
succinylcholine hydrolysis by plasma cholinesterases. Recovery may be delayed in patients
with decreases in plasma cholinesterase levels or activity. The administration of an
anticholinesterase would actually prolong the depolarizing block. On the other hand, a phase II
block from succinylcholine can be antagonized similarly to the nondepolarizing muscle
relaxants, emphasizing the need for determining the type (phase I or phase II) of block present
when using succinylcholine.

Revised from “Cardiovascular System” by William W. Muir; “Respiratory System” by
Wayne N. McDonell and Carolyn L. Kerr; “Nervous System” by Kurt A. Grimm and Anne E.
Wagner; “Anticholinergics and Sedatives” by Kip A. Lemke; “Injectable and Alternative
Anesthetic Techniques” by Keith R. Branson; “Dissociative Anesthetics” by Hui-Chu Lin;



“Inhalation Anesthetics” by Eugene P. Steffey and Khursheed R. Mama; and “Muscle
Relaxants and Neuromuscular Blockade” by Elizabeth A. Martinez and Robert D. Keegan in
Lumb & Jones’ Veterinary Anesthesia and Analgesia, Fourth Edition.
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Introduction

The prevention and control of pain are central to the practice of veterinary medicine. It is
essential that clinicians have an understanding of the physiological processes leading to the
perception of pain and the responses of patients to this process. Ultimately, anesthetic patient
management is the control of pain and maintenance of homeostasis in the face of noxious
stimuli. The perioperative analgesic protocol has an impact on patient well-being that often
extends far beyond the immediate anesthetic period. Appropriate pain management is not only
integral to an anesthetic plan; it is a fundamental component of good medical practice.

Definition of pain

Pain is an unpleasant sensory and emotional experience (perception) associated with actual or
potential tissue damage or is described in terms of such damage. The inability to communicate
in no way negates the possibility that an individual is experiencing pain and is in need of
appropriate pain-relieving treatment.

Nociceptive pain arises from the activation of a discrete set of receptors and neural
pathways by noxious stimuli that are actually or potentially damaging to tissues. Pain is a
conscious awareness of acute or chronic nociceptive stimulation occurring in varying degrees
of severity resulting from injury and disease, or abnormal neural processing associated with
emotional distress as evidenced by biologic or behavioral changes or both. Pain elicits
protective motor actions, results in learned avoidance, and may modify species-specific traits
of behavior, including social behavior. Acute pain is the result of a traumatic, surgical, or
infectious event that begins abruptly and is relatively brief. It is generally alleviated by
analgesic drugs. Chronic pain is pain that persists beyond the usual course of an acute disease
or beyond a reasonable time for an injury to heal, or that is associated with a chronic
pathological process or neurological dysfunction that persists or recurs for months or years
(e.g., osteoarthritis). Chronic pain is seldom permanently alleviated by analgesics, but may



respond to a combination of analgesics, tranquilizers or psychotropic drugs, physical therapy,
environmental manipulation, and behavioral conditioning. Acute pain is a symptom of disease,
whereas chronic pain, in and of itself, is a disease of altered neuroprocessing. Acute pain has a
biologic function in that it serves as a warning that something is wrong and leads to protective
behavioral changes. Chronic pain does not serve a biologic function and imposes severe
detrimental stresses. Because pain is a perception, it is always subjective.

In people, pain experience has three dimensions—sensory-discriminative, motivational
affective, and cognitive-evaluative—that are subserved by physiologically distinct systems.
The sensory-discriminative dimension provides information on the onset, location, intensity,
type, and duration of the pain-inducing stimulus. This aspect is subserved primarily by the
lateral ascending nociceptive tracts, thalamus, and somatosensory cortex. The motivational-
affective dimension disturbs the feeling of well-being of the individual, resulting in the
unpleasant experience of pain and suffering, and triggers the organism into action. This
dimension is closely linked to the autonomic nervous system, and cardiovascular, respiratory,
and gastrointestinal responses are associated with it (although these can also occur reflexly).
This dimension is subserved by the medial ascending nociceptive tracts and their input into the
limbic system. The cognitive-evaluative dimension encompasses the effects of prior
experience, social and cultural values, anxiety, attention, and conditioning. These activities are
largely caused by cortical activity, although cortical activation is dependent on reticular
activity. The cognitive-evaluative dimension of the pain experience in lower mammals may be
the only one that differs significantly from that in people.

To discuss pain physiology and its management requires a review of the definitions
commonly used to describe this perception.

Agology The science and study of pain phenomena.

Allodynia Pain caused by a stimulus that does not normally provoke pain.

Analgesia The absence of pain in the presence of stimuli that would normally be painful.

Analgesics Drugs that produce analgesia.

Anesthesia The absence of all sensory modalities.

Anesthetics Drugs that induce regional anesthesia (i.e., in one part of the body) or general

anesthesia (i.e., unconsciousness).

Cancer pain Pain that is caused by primary tumor growth, metastatic disease, or the toxic

effects of chemotherapy and radiation, such as neuropathies caused by neurotoxic

antineoplastic drugs.

Causalgia A syndrome of prolonged burning pain, allodynia, and hyperpathia after a

traumatic nerve lesion, often combined with vasomotor and sudomotor (sweating)

dysfunction and later trophic changes.

Central pain Pain associated with a lesion or altered neurophysiology of the central nervous

system (CNS).

Chronic pain Pain that persists for longer than the expected time frame for healing or pain

associated with progressive nonmalignant disease (such as osteoarthritis).



Deafferentation pain Pain caused by loss of sensory input into the CNS, as occurs with
avulsion of the brachial plexus or other types of peripheral nerve lesions, or caused by
pathology of the CNS.

Dermatome The sensory segmental supply to skin and subcutaneous tissue.

Distress The external expression through emotion or behavior (i.e., fear, anxiety,
hyperactivity, or aggression) of suffering.

Dysesthesia An unpleasant abnormal sensation, whether spontaneous or evoked.
Hyperalgesia An increased response to a stimulation that is normally painful.

Hyperesthesia An increased sensitivity to stimulation, excluding special senses.
Hypoalgesia A diminished sensitivity to noxious stimulation.

Hypoesthesia A diminished sensitivity to stimulation, excluding special senses.
Inflammatory pain Spontaneous pain and hypersensitivity to pain in response to tissue
damage and inflammation.

Neuralgia Pain in the distribution pathway of a nerve or nerves.

Neuritis Inflammation of a nerve or nerves.

Neuropathic pain Spontaneous pain and hypersensitivity to pain in association with damage
to or a lesion of the nervous system.

Neuropathy A disturbance of function or a pathological change in a nerve.

Nociception The reception, conduction, and central nervous processing of nerve signals
generated by the stimulation of nociceptors. It is the physiological process that, when carried
to completion, results in the conscious perception of pain.

Nociceptive pain Transient pain in response to noxious stimuli.

Nociceptor A receptor preferentially sensitive to a noxious stimulus or to a stimulus that
would become noxious if prolonged.

Nociceptor threshold The minimum strength of stimulus that will cause a nociceptor to
generate a nerve impulse.

Noxious stimulus One that is actually or potentially damaging to body tissue. It is one of
intensity and quality that are adequate to trigger nociceptive reactions in an animal, including
pain in people.

Pain (detection) threshold The least experience of pain that an individual can recognize.
The point at which an individual just begins to feel pain when a noxious stimulus is being
applied in an ascending trial or the point at which pain disappears in a descending trial. The
pain-detection threshold is relatively constant among individuals and species. In most cases,
it is higher than the nociceptor threshold.

Pain tolerance The greatest level of pain that an individual will tolerate. Pain tolerance
varies considerably among individuals, both human and animal. It is influenced greatly by the
individual’s prior experience, environment, stress, and drugs.

Pain-tolerance range The arithmetic difference between the pain-detection threshold and the
pain-tolerance threshold.



Paresthesia An abnormal sensation, whether spontaneous or evoked. Paresthesias are not
painful (as opposed to dysesthesias).

Radiculalgia Pain along the distribution of one or more sensory nerve roots.

Radiculitis Inflammation of one or more nerve roots.

Radiculopathy A disturbance of function or pathological change in one or more nerve roots.
Reactions A combination of reflexes designed to produce widespread movement in relation
to the application of a stimulus. Reactions are mass reflexes not under voluntary control and
therefore do not involve the cerebral cortex.

Reflexes Involuntary, purposeful, and orderly responses to a stimulus. The anatomical basis
for the reflex arc consists of a receptor, a primary afferent nerve fiber associated with the
receptor, a region of integration in the spinal cord or brain stem (synapses), and a lower
motor neuron leading to an effector organ such as skeletal muscles (somatic reflexes), smooth
muscles, or glands (visceral reflexes).

Responses Willful movement of the body or parts of the body. A response cannot occur
without involvement of the somatosensory cerebral cortex. A decerebrate animal can give a
reaction but not a response. Reflexes and reactions may or may not be perception linked (i.e.,
the stimulus perceived as painful). Because responses require a functioning somatosensory
cortex, the initiating stimulus must first be perceived.

Somatic Usually used to describe input from body tissues other than viscera.

Suffering An unpleasant emotional state that is internalized and not expressed outwardly. It is
described as an undesirable mental state or as an unpleasant emotion that people or animals
would normally prefer to avoid. Suffering can refer to a wide range of intense and unpleasant
subjective states, such as fear and frustration. It can be of either physical or psychological
origin. Suffering can be provoked by pain or by pain-free nontissue-damaging external stimuli
such as denial of the fulfillment of an animal’s natural instincts or needs, such as maternal
deprivation, social contacts, and so on.

Neuroanatomy of nociceptive pathways

Nociceptors and stimuli

Nociception is the reception of signals from activation of nociceptors, which are receptors that
detect tissue-damaging (noxious) stimuli. Pain implies that noxious stimuli have been
perceived at the cortical level. Activating stimuli for nociceptors can include mechanical,
thermal, or chemical stimuli. Some nociceptors respond only to one of these modalities,
whereas others are sensitive to a variety of them (polymodal nociceptors). Nociceptors are
naked (nonencapsulated) nerve endings, widely distributed in skin and deep tissues. These
represent the peripheral termini of nociceptive primary afferent neurons that possess lightly or
unmyelinated, small-diameter axons. Activation of fastconducting (5-30m/s), A-6 fibers are
associated with sharp, pricking pain (as reported by humans). Slow-conducting (0.5-2.0mvs),



unmyelinated C fibers are associated with a slower, burning type of pain. Both types of
nociceptive fibers innervate the skin (superficial pain) and deep somatic or visceral structures
(deep pain). The distinction between superficial and deep pain is not just an arbitrary one
based on “outside” and “inside.” Each is associated with an anatomically and functionally
segregated central pain pathway; they are differentially susceptible to injury, and they are
examined separately in a neurological exam.

Pain research has revealed the presence of a particular functional type of nociceptor referred
to as a silent nociceptor. The high threshold of this nerve ending ensures that under normal
circumstances it is relatively insensitive to any stimuli. Following release of tissue-
inflammatory mediators, however, the threshold is markedly reduced, and these previously
silent nociceptors can be activated by a variety of thermal and mechanical stimuli. The
presence of silent nociceptors is one mechanism by which inflammation produces primary
hyperalgesia.

Divergence in nociceptive pathways

In addition to the connections of ascending nociceptive pathways with somatosensory cortex
for conscious perception, nociceptive pathways exhibit variable degrees of connectivity with a
number of subcortical regions of the brain, and through these connections elicit a variety of
NONCONSCious responses.

A behaviorally important aspect of nociception (and other sensory modalities) is the degree
to which it affects mental alertness. This relationship between sensation and consciousness is
orchestrated in the reticular formation (RF), a loose aggregate of nuclei in the central core of
the brain stem, extending from the diencephalon through the medulla oblongata. Functions of
the RF include regulation of heart and respiratory rates, selective attention to stimuli, and
maintenance of consciousness and cortical alertness. The RF is critical to the regulation of the
level of consciousness through its rostral projections to the diencephalon, which, in turn,
diffusely excites the cerebral cortex. The RF receives input from all afferent pathways,
although the degree to which these connections are made is variable, depending on the
pathway. Stimuli—but most especially noxious stimuli—increase alertness and autonomic
functions, such as heart and respiratory rates.

Nociceptive information is simultaneously directed to the hypothalamus, which is the brain’s
coordinator of elaborate autonomic responses and the primary integrator of physiological and
emotional responses. Input from nociceptive pathways to the hypothalamus produces activity in
the sympathetic nervous system and the pituitary gland and thus increases circulating
epinephrine/norepinephrine and glucocorticoids. The catabolic and other endocrinologic
manifestations of this activation can have negative effects on health.

Both the hypothalamus and the RF have projections to other parts of the limbic system, a
group of cortical and subcortical regions that produce the behavioral, cognitive, and
physiological changes that people describe as emotions.

Nociceptive pathways send collateral projections to the mesencephalon (midbrain). One set



of nuclear targets in the midbrain consist of motor neurons that coordinate orienting movements
of the head and eyes toward the noxious stimulus (the visual grasp reflex). Other neurons that
form the periaqueductal gray matter (PAG) of the midbrain activate important descending pain
modulatory systems.

Ascending spinal pathways

Multiple nociceptive pathways that have been described in the spinal cord of domestic animals
are present in all funiculi of the cord and with a confusing degree of overlap in their functions.
None of these pathways are exclusive for transmission of nociception (all have fibers
conducting tactile information). For clinical purposes, only two need be understood fully: the
spinocervicothalamic and spinoreticular tracts.

The spinocervicothalamic tract is concerned with the transmission of superficial pain and
tactile sensations and is regarded as the primary conscious pain pathway in carnivores. The
primary afferents of this pathway synapse in the dorsal horn, from which secondary afferents
then mediate local reflexes and project craniad in an ipsilateral tract in the dorsal part of the
lateral funiculus. The axons in this tract ascend to spinal cord segments C1 and C2, where they
synapse in the lateral cervical nucleus. The fibers arising from this nucleus will then decussate
and project through the brain stem to the thalamus. Some collaterals of the ascending fibers
will terminate in the RF. From the thalamus, fibers project to the somatosensory cortex.

The sensations transmitted by the spinocervicothalamic tract are touch and superficial pain.
This pathway is discriminative in that the location of the painful stimulus can be precisely
determined by the animal, which is a quality linked to the high degree of somatotopy exhibited
by this pathway. Clinically, the function of the spinocervicothalamic tract is tested by lightly
pinching the skin with fingers or a mosquito hemostat. This stimulus is applied lightly and
briefly so as to activate the spinocervicothalamic pathway preferentially.

The spinoreticular tract is primarily concerned with transmission of deep-pain and visceral
sensations. The primary afferents of this pathway enter the cord and immediately diverge to
send collaterals several segments rostral and caudal to the segment of entry. This spreading of
information across several spinal cord segments enables these afferents to participate in
intersegmental reflexes (various manifestations of withdrawal and postural reflexes in
response to painful stimuli). Second-order neurons are found in the dorsal horn. Axons of
projection neurons in this system are present diffusely in the lateral and ventral funiculi. These
projections are bilateral; decussation of axons in this system occurs diffusely throughout the
long axis of the spinal cord.

Most ascending projections of the spinoreticular tract that reach the brain stem do not project
directly to the thalamus; rather, they terminate in the RF. Therefore most deep pain that is
consciously perceived arrives at the cortex via diffuse reticular projections to the thalamus.
Activation of this pathway increases arousal and activates the limbic system, a connection that
in humans is associated with emotional responses to pain.

Visceral pain is particularly poorly localized. Visceral afferent fibers travel in sympathetic



nerves, have large overlapping receptor fields, and respond primarily to stretch, ischemia,
dilation, or spasm (direct trauma to viscera—including surgical trauma—is a surprisingly
ineffective stimulus for nociceptors). Pain of visceral origin tends to be dull, aching, or
burning. Primary afferents from viscera follow autonomic nerves (e.g., the vagus and
sympathetic nerves) to the CNS. The deep nociceptive pathway is tested in the neurological
examination by application of a hemostat across the base of a toenail (taking care to exclude
skin), a manipulation that stimulates nociceptors in the periosteum of the third phalanx.

Trigeminal system

For the head, nociception and tactile information are transmitted by the trigeminal system. Cell
bodies of primary afferent fibers reside within the trigeminal (semilunar) ganglion. Their
central processes enter the pons with the trigeminal nerve and course caudal along the lateral
surface of the medulla. A nuclear column lies medial to the spinal tract throughout its length. At
its rostral extent in the pons, this group of cell bodies comprises the pontine sensory nucleus.
More caudally, the column is known as the spinal nucleus of V. The pontine and spinal nuclei
of V contain somata of the second-order neurons in this system. There is a rostral-to-caudal
segregation of function in these nuclei; the pontine nucleus is primarily concerned with
discriminative tactile and proprioceptive stimuli, and the rostral part of the spinal nucleus of V
sends somatosensory information to the cerebellum. The majority of neurons in the spinal
nucleus of V, however, are concerned with nociception. Many of these will project to motor
nuclei of cranial nerves to participate in reflex arcs (e.g., corneal and palpebral reflexes), and
many more will project to the RF to affect autonomic responses and increase arousal. Fibers
for conscious perception, however, cross the midline of the medulla diffusely and join the
contralateral quintothalamic tract, adjacent to the medial lemniscus. The quintothalamic (also
known as the trigeminal lemniscus) tract projects to the thalamus, and, from there, nociceptive
information reaches the somatosensory cortex via the internal capsule.

Pain modulation

There is a tendency to conceive of somatosensory pathways as electrical circuits that respond
to stimuli in predictable ways and that consistently produce a sensory perception that is a
faithful recording of the stimulus in the periphery. This is a useful model but it grossly
oversimplifies the actual condition, wherein activity in the CNS can modulate somatosensory
processing. This ability to alter activity in sensory systems is especially well developed in
nociceptive pathways. The ability of a given stimulus to produce a perception of pain is a
highly labile property and can be modified in the periphery, in the spinal cord, in the brain
stem, and in higher centers.

Modulation in the periphery (nociceptors)

Nociceptor threshold is not a constant. As was described above, the presence of so-called



silent nociceptors is one example of how conditions in the cellular environment of the naked
nerve ending can change the sensitivity of the receptor to stimulus. The high threshold of silent
nociceptors ensures that, under normal circumstances, they are relatively insensitive to any
stimuli, but, upon exposure to inflammatory mediators, this threshold is markedly reduced, and
previously silent nociceptors can be activated.

Similarly, many inflammatory mediators (e.g., prostaglandins [PGs] and leukotrienes),
collectively referred to as nociceptor sensitizers, will lower the threshold of other populations
of nociceptors. Thus, in damaged or inflamed tissue, stimuli that would normally be
subthreshold may produce activity in nociceptive afferents. Likewise, certain inflammatory
mediators (e.g., bradykinin and serotonin) or substances released by damaged cells (e.g.,
potassium ions and adenosine triphosphate) directly stimulate nociceptors and can thus be
considered nociceptor activators. Interestingly, stimulated free-nerve endings can release
substances directly into the surrounding tissues. Notable among these is substance P. Substance
P (which is also an important neurotransmitter in central nociceptive pathways) dilates blood
vessels and degranulates mast cells (neurogenic edema), both of which contribute to
inflammation and increased sensitization of local nociceptors. All of these events contribute to
the development of primary hyperalgesia (resulting from the increased responsiveness of
nociceptors to noxious stimuli) and a related phenomenon, allodynia (wherein normally
nonnoxious stimuli, such as those that elicit a touch sensation, become capable of activating
nociceptors).

Modulation in the dorsal horn

Considerable processing of nociceptive information occurs in the dorsal horn, although
precisely what happens there is debated. One of the fundamental concepts of dorsal horn
processing is that one population of second-order neurons is dedicated to nociception
(nociceptive-specific cells) and an additional, smaller group receives input from primary
afferents conducting both noxious and nonnoxious tactile information. It is suspected that the
nociceptive-specific neurons are primarily involved in discriminative nociception (i.e.,
localization). The second group, referred to as wide-dynamic-range or WDR neurons,
responds both to noxious and nonnoxious stimuli, and is likely to be recruited in pathways that
exhibit less somatotopy (i.e., are less discriminative). The WDR neurons appear to be
relatively insensitive to tactile information, discharging at one rate in response to innocuous
touch stimuli, while responding more vigorously (at a greater frequency) to noxious
stimulation. These neurons also receive information from both somatic and visceral structures,
which is a feature believed to underlie the phenomenon of referred pain. In referred pain,
noxious stimuli originating in viscera are perceived as originating instead from a somatic
region (body wall or skin). This perception is thought to result from the fact that information
from that region of viscera converges on WDR neurons and pathways that also convey
information from somatic structures.

The WDR neurons are probably the cells most important in the expression of spinal



facilitation of pain, or windup (Figure 3.1). Windup occurs with rapid, continuous firing of
primary nociceptive afferents, probably most especially small-diameter, unmyelinated fibers
(C fibers). The high-frequency volley of action potentials (APs) in the primary afferent
terminal stimulates the release of increased amounts of glutamate and is also associated with
the release of substance P and brain-derived neurotrophic factor (BDNF). The increased
exposure to glutamate in the synaptic cleft activates N-methyl-d-aspartate (NMDA) receptors
(inactive except under conditions of persistent membrane depolarization) on the postsynaptic
membrane. This particular variety of glutamate receptor is unique in that it exhibits a calcium
conductance; its activation is therefore associated with the influx of calcium ions onto the
postsynaptic neuron, leading to a series of intracellular cascades that ultimately results in the
upregulation of receptors. Substance P and BDNF are neuromodulatory neurotransmitters that
bind with G protein-coupled receptors. These, too, activate intracellular signaling cascades
that increase the membrane’s sensitivity to subsequent stimulation.

Figure 3.1. Processes involved in the spinal facilitation of pain or windup. AMPA, a-amino3-
hydroxy-5-methyl-4-isoxazolepropionic acid; AP, action potential; BDNF, brain-derived
neurotrophic factor; NMDA, N-methyl-d-aspartate.

Source: Hellyer PW., Robertson S.A., Fails A.D. 2007. Pain and its management. In: Lumb and Jones’ Veterinary
Anesthesia and Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing,
p. 37.
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“train“ the second-order neurons to respond more vigorously to subsequent stimulation. This
change can last from hours to days (and longer) after the causative event ends. Effectively,
then, prolonged noxious stimuli produce greater sensitivity to subsequent stimuli. What is
especially significant about this phenomenon is that general anesthesia does not prevent
windup, as it does not prevent generation of APs in the primary afferents. This observation has
been used as a compelling argument for the use of analgesics preoperatively or
intraoperatively as a preemptive strike against the development of windup during surgeries
likely to activate C fibers.

Suprasegmental modulation

Activity in spinal nociceptive pathways is also strongly influenced by antinociceptive systems
that originate in the brain stem. The midbrain (mesencephalon) and medulla both possess a
series of midline nuclei that modulate the transmission of nociception. Input from higher
cerebral centers and collaterals from ascending nociceptive pathways, particularly those
conveying deep pain (spinoreticular tract), activate these nuclei. Among the nuclei that give
rise to descending pain modulatory pathways, of particular note are the mesencephalic PAG
and the nucleus raphe magnus of the rostroventral medulla.

The PAG receives input from ascending nociceptive tracts and higher centers (including
limbic structures and cerebral cortex) and sends axons to the nucleus raphe magnus, to other
medullary reticular nuclei, and, to a much lesser extent, to the dorsal horn of the spinal cord.
These axons release multiple neurotransmitters, most notably endorphins, which are
transmitters with powerful antinociceptive properties. The PAG input to the nucleus raphe
magnus activates (through disinhibition) the monoaminergic pathways that arise here and
descend the cord to modulate nociception at the level of the dorsal horn. The primary
neurotransmitters of the nucleus raphe magnus and other medullary nuclei are serotonin and
norepinephrine. Activity in these systems will recruit a pool of interneurons whose
neurotransmitters (endorphin, enkephalin, and dynorphin) inhibit transmission in spinal cord
pain pathways at the level of the dorsal horn.

Neuropathic pain

This is pain that is caused by injury to the nervous system. Damage leading to neuropathic pain
can result from a variety of insults, including trauma (e.g., amputation and crushing injury),
vascular injury (e.g., thromboembolic disease), endocrinopathy (e.g., diabetes mellitus), or
infection (e.g., postherpetic neuralgia). Neuropathic pain resulting from these many different
causes is probably not a single entity. Several mechanisms are thought likely to contribute to
neuropathic pain; not all of these necessarily underlie any given case of neuropathic pain,
although they are not mutually exclusive.

Hyperalgesia and allodynia are both commonly associated with neuropathic pain.
Dysesthesias, which are unpleasant, abnormal sensations often characterized as tingling or



“electric,” are sometimes described by affected people, although neuropathic pain is most
usually described as having a burning, lancinating quality. In the peripheral nervous system,
injury to primary afferents (up to and including the dorsal root ganglia) can cause neuropathic
pain. The mechanisms producing this pain are not clearly understood and, like all facets of
neuropathic pain, are likely to be multiple. In at least some cases, the damaged primary afferent
produces an increased frequency of spontaneous APs (most neurons do this to some extent, but
normal nociceptive afferents typically do so at a very low rate), a phenomenon called ectopic
discharge. Damaged primary afferents are also apt to develop collateral sprouting, perhaps in
response to neurotrophic factors released by damaged tissues. Aberrant collaterals of
nociceptive neurons may spread into adjacent skin or other tissues, where their activation can
produce an abnormal perception of pain. One line of inquiry has revealed a phenomenon of
electrical coupling between somatosensory and sympathetic fibers in the periphery (including
the dorsal root ganglia). This coupling, called sympathetically maintained pain, activates
nociceptive pathways (and pain perception) with activity in sympathetic neurons.

Centrally, the alterations described in the discussion of windup (spinal facilitation of pain)
are likely to play a role in the development of sustained, neuropathic pain, inasmuch as the
upregulation of receptors on postsynaptic membranes can persist for a prolonged time. Since
activation of NMDA glutamate receptors is a key part of spinal facilitation of pain, use of
NMDA antagonists shows potential as a therapy for neuropathic pain. Additionally, there is
evidence that tactile (i.e., nonnociceptive) A-f3 afferent fibers sprout collateral connections in
the dorsal horn (again, probably in response to neurotrophic factors released by injured
nervous tissue), making aberrant connections with projection neurons that are normally
associated with nociception. Activity in these fibers will therefore produce activity in
nociceptive pathways, leading ultimately to the perception of increased pain.

There is also ample evidence that the repertoire of neurotransmitters and/or receptors within
the dorsal horn undergoes changes in response to injury. Some researchers have documented a
decrease in y-aminobutyric acid (GABA, an inhibitory neurotransmitter) in animal models of
neuropathic pain. Experimental techniques that increase levels of GABA in the spinal cord are
associated with an attenuation of allodynia, which is characteristic of neuropathic pain.

A particularly frustrating aspect of neuropathic pain is the extent to which it is refractory to
opioids. This is likely because of a loss of opioid receptors, which is a phenomenon that has
been reported in the dorsal root ganglion and the dorsal horn. Simultaneously, cholecystokinin
and its receptors appear to be upregulated by nervous tissue injury; cholecystokinin has
documented opioid antagonist activity.

Measuring pain in veterinary patients

As previously mentioned, pain is an extremely complex multidimensional experience with both
sensory and affective elements. Obviously, there are distinct populations, including human
neonates, nonverbal adults, and animals, that cannot express their pain overtly. However, all
mammals possess the neuroanatomical and neuropharmacological components necessary for



transduction, transmission, and perception of noxious stimuli; therefore, it is commonly
assumed that animals experience pain even if they cannot exactly perceive or communicate it in
the same way people do.

There is presently no gold standard for assessing pain in animals. Many different scoring
methods that include physiological variables (in an attempt to identify objective measures) and
behavioral variables have been published, but few have been rigorously validated. The issue
of pain assessment in animals is especially complex because consideration must include
differences in gender, age, species, breed, strain, and environment. Assessment systems must
also take into account the different types and sources of pain, such as acute versus chronic or
neuropathic pain and visceral compared with somatic pain. For example, if a pain scale were
developed to evaluate acute postoperative pain in dogs following routine abdominal surgery,
such as ovariohysterectomy, then the scale might be inappropriate for assessing pain after
orthopedic surgery or pain associated with chronic osteoarthritis in that species. There is no
question that as more studies focus on species-specific pain behaviors and the different types
of pain, the ability of the veterinary community to recognize and treat pain in animals will
improve. Nevertheless, the assessment of pain in animals will remain a subjective and
inaccurate undertaking for the foreseeable future.

Behavioral responses to pain vary greatly between species, and these differences may be
linked to an animal’s innate behaviors. For example, because rats and mice are prey animals,
overt signs of pain or injury draw the attention of predators, so the rodents have evolved to
where they instinctively disguise their pain. The subtle signs of pain exhibited by these
species, such as abdominal pressing and back arching, can be easily missed by an
inexperienced observer. Because of behavioral distinctions, pain assessment tools must be
species specific.

Acute pain

Most studies in dogs and cats have focused on assessing acute postoperative pain. Not all of
the systems used have been validated or rigorously tested, however; and the key question for a
busy practitioner is “How well do these scoring systems perform in clinical practice?”

Objective measures

In both cats and dogs, the correlation between easily measured physiological variables (heart
rate, respiratory rate, blood pressure, and pupil diameter) and pain scores have been
evaluated. No study found a consistently reliable objective measure, which is not surprising as
these parameters can be affected by many factors other than pain. For example, an opioid alone
causes mydriasis in cats but miosis in dogs. Pupil size is also affected by fear and ambient
light. In a tightly controlled research setting, blood pressure looked promising as an indirect
indicator of pain in cats, but, in a clinical environment, this variable was an unreliable
indicator of pain.

Changes in plasma cortisol and (-endorphins are components of the “stress response” to



anesthesia and surgery, and much effort has been expended trying to correlate these hormones
with pain in laboratory and clinical analgesia trials. Plasma cortisol was not a useful pain
marker in dogs and is extremely unreliable in cats. Mechanical nociceptive threshold testing
with various devices (palpometers and algometers) has proved to be useful for evaluating both
primary (wound) and secondary (remote area) hyperalgesia in cats and dogs. Changes in
wound sensitivity have correlated with visual analog scoring in cats, suggesting that assessing
wound tenderness is a valuable tool and should be incorporated into an overall assessment
protocol. Force plate gait analyses have been widely used to assess lameness in dogs
objectively. This technique has also been used to evaluate response to different surgical
procedures and to assess the efficacy of a variety of analgesics.

Subjective scoring systems

Because animals cannot self-report, all scoring systems that depend on a human observer must,
by definition, be subjective to some degree and leave room for error, which could be either
underassessment or overassessment of the animal’s pain. Any system used should be valid,
reliable, and sensitive. Without strictly defined criteria and the use of well-trained and
experienced observers, many scoring systems are too variable, which is one of the main
criticisms of multicenter clinical trials. One scoring system may show an analgesic agent to be
effective, and another shows that same analgesic to be ineffective. If a system is insensitive,
then these differences are inevitable and result in large interobserver variability.
Simple descriptive scales These are the most basic pain scales. These usually have four or
five descriptors from which observers choose, such as no pain, mild pain, moderate pain,
severe pain, or very severe pain. Although simple to use, these scales are extremely
subjective and do not detect small changes in pain behavior.
Numerical rating scales These are essentially the same as simple descriptive scales, but
assign numbers for ease of tabulation and analyses; for example, absence of pain is assigned
the number 0 and very severe pain the number 5. This system implies equal difference or
weighting between each category, which is not the case. These are discontinuous scales;
therefore, a dog experiencing pain that is “just in“ category 2 is in a quite different condition
from a dog that is also in category 2 but almost in category 3. A further development of the
simple descriptive and numerical rating systems is a categorized numerical rating system
where certain behaviors are chosen and assigned a value. For example, vocalization can be
divided into none (score = 0), crying but responsive (score = 1), and crying but
nonresponsive (score = 2); other categories may include movement, agitation, and posture.
Visual analog scale In an attempt to improve on discontinuous scales, the visual analog scale
(VAS) has been widely used in veterinary medicine (Figure 3.2). This tool consists of a
continuous line (usually 100 mm long) anchored at either end with a description of the limits
of the scale, for example no pain or no sedation at one end and severe pain or asleep at the
other end. An observer places a mark on the line at the point that he/she thinks correlates with
the degree of pain in the animal under observation, and this point is later translated into a
number by measuring the distance to the mark from zero. Without training and experience, the



VAS results in wide interobserver variation.

Dynamic and interactive visual analog scale (DIVAS) are an extension of the classic VAS
system in dogs. With the DIVAS system, animals are first observed from a distance undisturbed
and then approached, handled, and encouraged to walk. Finally, the surgical incision and
surrounding area are palpated, and a final overall assessment of sedation and pain is made.
This approach overcomes some of the deficiencies of purely observational systems; for
example, a dog may lie very still and quiet because a wound is painful, and this would go
undetected unless the observer interacted with the animal. The DIVAS system has also been
used to assess postoperative pain in cats and, when performed by one individual unaware of
treatments, it detected differences between analgesics and between treated and untreated cats.
So far, the scoring systems discussed in this section are regarded as one-dimensional in that
they assess only intensity of pain.

Figure 3.2. The VAS used to assess pain in animals.

Source: Hellyer PW., Robertson S.A., Fails A.D. 2007. Pain and its management. In: Lumb and Jones’ Veterinary
Anesthesia and Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds. Ames, IA: Blackwell Publishing,
p. 43.

NO PAIN WORST PAIN
POSSIBLE

Considering the complexity of pain, it is not surprising that simple, subjective,
onedimensional systems have not proven ideal. In humans, multidimensional systems—such as
the McGill Pain Questionnaire—that account for not only intensity but also sensory and
affective (emotional) qualities of pain have provided a more comprehensive assessment of a
patient’s pain. Multidimensional systems are particularly important when self-reporting is not
possible, but reports must incorporate components that are proven to be sensitive and specific
to pain (e.g., facial expressions in infants) in the species being studied.

The University of Melbourne Pain Scale (UMPS) has been developed to incorporate
objective physiological data (heart rate, respiratory rate, pupil size, and rectal temperature)
and behavioral responses (activity, response to palpation, posture, mental status, and
vocalization). By assigning numbers to each factor, a score between 0 and 27 is derived. This
scale has been tested on dogs following ovariohysterectomy and demonstrated good agreement
between different assessors. It could differentiate between dogs that were anesthetized but not
subjected to surgery and those undergoing surgery. With some refinement to detect smaller
differences, the system shows promise for clinical use.

To date, the most vigorously validated scale for assessing acute postoperative pain in dogs is
the Glasgow Composite Measures Pain Scale. The original 279 words or expressions that
could describe pain in dogs have been reduced to 47 well-defined words placed in one



physiological category and seven behavioral categories. The behavioral categories comprise
evaluations of: posture, comfort, vocalization, attention to the wound, demeanor and response
to humans, mobility, and response to touch. Each descriptor is well defined to avoid
misinterpretation. Assessment involves both observation from a distance and interaction with
the patient (e.g., palpation of the wound). Frequent assessments are necessary because pain is
not a static process, and the benefits of intervention with analgesics must be evaluated. In a
busy practice, time-consuming assessments are the biggest drawbacks to effective pain
management. For this reason, a short form of the Glasgow composite pain scale, which takes
only a few minutes to perform, has been developed (Figure 3.3).

How often should animals be assessed

The health status of the animal, extent of surgery/injuries, and anticipated duration of analgesic
drugs determine the frequency and interval of evaluations. In general, evaluations should be
made at least hourly for the first 4-6 hours after surgery, provided the animal has recovered
from anesthesia, has stable vital signs, and is resting comfortably. Animals not recovering as
anticipated from anesthesia/surgery and critically ill animals require much more frequent
evaluations until they are stabilized. Patient response to analgesic therapy and expected
duration of analgesic drug(s) administered help to determine frequency of evaluations. For
example, if a dog is resting comfortably following the postoperative administration of
morphine, it may not need to be reassessed for 2—4 hours. Animals should be allowed to sleep
following analgesic therapy. Vital signs can often be checked without unduly disturbing a
sleeping animal. In general, animals are not awakened to check their pain status; however, that
does not mean they should not receive their scheduled analgesics.

Continuous, undisturbed observations, coupled with periodic interactive observations (open
the cage, palpate the wound, etc.) are likely to provide more information than occasionally
observing the animal through the cage door. It is regrettable that continuous observations are
not practical for most clinical situations. In general, the more frequent the observations, the
more likely that subtle signs of pain will be detected.

Chronic pain

Chronic pain can affect an animal ‘s quality of life. Because of the nature of chronic pain, such
as that associated with osteoarthritis in dogs and cats, the accompanying behavioral changes
can be insidious and easily missed. Indeed, many owners assume these changes are inevitable
with advancing age. Preliminary data based on owner interviews revealed changes in 32 types
of behavior in dogs with chronic pain. This study also indicated that the owners are the best
evaluators of their pet’s pain. The Glasgow University HealthRelated Dog Behavior
Questionnaire has identified some key indicators of chronic pain, including, but not limited to,
decreases in mobility, activity, sociability, and curiosity, and increases in aggression, anxiety,
daytime sleeping, and vocalizing.

Figure 3.3. The short-form composite measure pain score (CMPS-SF) can be applied quickly



and reliably in a clinical setting and has been designed as a clinical decision-making tool that
was developed for dogs in acute pain. It includes 30 descriptor options within six behavioral
categories, including mobility. Within each category, the descriptors are ranked numerically
according to their associated pain severity and the person carrying out the assessment chooses
the descriptor within each category that best fits the dog’s behavior/condition. It is important to
carry out the assessment procedure as described on the questionnaire, following the protocol
closely. The pain score is the sum of the rank scores. The maximum score for the six categories
is 24, or 20 if mobility is impossible to assess. The total CMPS-SF score has been shown to
be a useful indicator of analgesic requirement and the recommended analgesic intervention
level is 6/24 or 5/20.

Source: Reproduced with the permission of Jacky Reid, Professor of Veterinary Anaesthesia, University of Glasgow.



SHORT FORM OF THE GLASGOW COMPOSITE PAIN SCALE

Dog's name : z

Hospital Number ) Date ! Time
Surgery Yes/Mo (delote as appropriate)

Procedure or Condition

In the sactions below please circle the appropriate scorg in each list and sum these to give the ital score.
A. Look at dog in Kennel

Is the dog?
: ()
o lgnoring any wound or painful area 0
Quist g, ECg AIr P
Cryfirig e whimpasking 1 Looking atwound or painful area 1
: Licking wound or painful area 2
Grosaning 2
3 Rubbing wound or painful area 3
Scraaming ]
Chewing wound or painful area 4

In the case of spinal, pelvic or multiple limb fractures, or where assistance is
required to aid locomotion do not carry out section B and proceed to C
Please tick if this is the case [| then proceed to C.

B. Put lead on dog and lead out of the kennel. C. If it has a wound or painful area
including abdomen, apply gentle pressure 2
inches round the site.

When the dog risesiwalks is it?

i) Does it?
Momal ] iiv)
Lama 1 Do nothing 0
Slow or reluctant 2 Look round 1
Siiff 3 Flinch 2
It refuzes to move 4 Growl or guard area 3
Snap 4
Cry 5
D. Overall
is the dog? Is the dog?
iv) i)
Happy and content or happy and bouncy 0 Comfortable 0
Quiet 1 Unzettlad 1
Indifferent or non-responsive to surroundings 2 Restless 2
Mervous or anxious of fearful 3 Hunched or tanse 3
Depressad or non-responsive to stimulation 4 Rigid 4

Total Score (i+ii+ii+iv+v+vi) =
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Chronic pain is undoubtedly a clinical problem in cats, but is not well documented.
Compared with dogs, very little is known about degenerative joint disease in cats, but
radiographic evidence in geriatric cats suggests the incidence may be as high as 90%. Because
of a pet cat‘s lifestyle, lameness is not a common owner complaint; but changes in behavior,
including decreased grooming, reluctance to jump up to favorite places, and soiling outside the
litter box, should prompt veterinarians to look for sources of chronic pain. It is common for



owners not to realize how debilitated their pet is until they see dramatic improvements
following treatment.

Management of pain

Analgesia in the strictest sense is an absence of pain but clinically is the reduction in the
intensity of pain perceived (hypoalgesia). The goal should not be to eliminate pain completely,
but to make the pain as tolerable as possible without undue depression of patients. Analgesia
in the clinical setting may be induced by obtunding or interrupting the nociceptive process at
one or more points between the peripheral nociceptor and the cerebral cortex.

Nociception involves four physiological processes that are subject to pharmacological
modulation. Transduction is the translation of physical energy (noxious stimuli) into electric
activity at the peripheral nociceptor. Transmission is the propagation of nerve impulses through
the nervous system. Modulation occurs through the endogenous descending analgesic systems,
which modify nociceptive transmission. These endogenous systems (opioid, serotonergic, and
noradrenergic) modulate nociception through inhibition of the spinal dorsal horn cells.
Perception is the final process resulting from successful transduction, transmission and
modulation, and integration of thalamocortical, reticular, and limbic function to produce the
final conscious subjective and emotional experience of pain.

Transduction can be largely abolished by use of local anesthetics infiltrated at the site of
injury or incision, or by intravenous, postthoracotomy intrapleural, or postlaparotomy
intraperitoneal injection.

Nonsteroidal anti-inflammatory drugs (NSAIDs) will obtund transduction by decreasing
production of endogenous algogenic substances such as PGs at the site of injury. Transmission
can be abolished by local anesthetic blockade of peripheral nerves or nerve plexuses or by
epidural or subarachnoid injection. Modulation can be augmented by subarachnoid or epidural
injection of opioids, and/or alpha, adrenergic agonists. Perception can be obtunded with
general anesthetics or by systemic administration of opioids and alpha, agonists, either alone
or in combination with tranquilizer-sedatives.

Balanced or multimodal analgesia results from the administration of analgesic drugs in
combination and at multiple sites to induce analgesia by altering more than one part of the
nociceptive process. Multimodal analgesia relies on the additive or synergistic effects of two
or more analgesic drugs working through different mechanisms of action. When multimodal
analgesia is used, doses of individual drugs can usually be reduced, thereby theoretically
decreasing the potential for any one drug to induce adverse side effects.

Preemptive analgesia refers to the application of balanced analgesic techniques prior to
exposing patients to noxious stimuli (surgical trespass). By so doing, the spinal cord is not
exposed to the barrage of afferent nociceptive impulses that induce the neuroplastic changes
leading to central hypersensitivity. By consensus, this concept has gained acceptance as the
most effective means of controlling postoperative pain.



There are three major classes of analgesic agents employed in veterinary medicine for the
management of pain: opioids, NSAIDs, and local anesthetics. In addition to these three
traditional drug classes, another diverse group of agents used to manage pain is known
collectively as analgesic adjuvants.

Opioids

All opioid analgesics are chemically related to a group of compounds that have been purified
from the juice of a particular species of poppy: Papaverum somniferum. The unrefined extract
from the poppy is called opium and contains approximately 20 naturally occurring
pharmacologically active compounds, including familiar ones like morphine and codeine. This
group of purified natural agents is specifically referred to as opiates. In addition, numerous
semisynthetic and synthetic analogs of the opiates have been developed for clinical use. The
word opioid is used broadly to cover all drugs that are chemical derivatives of the compounds
purified from opium and is the term that is used throughout this chapter.

The opioids continue to be the cornerstone of effective pain treatment in veterinary medicine.
They are a versatile group of drugs with extensive applications in the management of pain in
patients with acute trauma, in patients undergoing surgical procedures, in patients with painful
medical conditions or disease processes, and in patients suffering from chronic pain that
require long-term therapy.

It is well known that exogenously administered opioids such as morphine exert their effects
by interacting with specific opioid receptors and mimicking naturally occurring molecules
known as endogenous opioid peptides. There are three well-defined types of opioid receptors,
most commonly known by their Greek letter designations as p (mu), § (delta), and k (kappa).
This classic system of nomenclature has been under reconsideration for a number of years and,
during this time, several alternative naming systems have been proposed, leading to
considerable confusion. In addition, a fourth type of opioid receptor, the nociceptin receptor
(also known as the orphanin FQ receptor), has been characterized. According to the most
recent recommendations of the International Union of Pharmacology Subcommittee on
Nomenclature, variations based on the Greek letters remain acceptable. Thus, mu, p, or MOP
(for mu opioid peptide); delta, 6, or DOP (for delta opioid peptide); kappa, k, or KOP (for
kappa opioid peptide); and NOP (for nociceptin opioid peptide) are considered
interchangeable abbreviations. Distinct complementary DNA (cDNA) sequences have been
cloned for all four opioid receptor types, and each type appears to have a unique distribution
in the brain, spinal cord, and periphery.

The diversity of opioid receptors is further extended by the existence of several subtypes of
I, 6, and k receptors. Based on pharmacological studies, there are thought to be at least three
H-receptor subtypes, [, Hy, and p3; two 6-receptor subtypes, 6; and §,; and perhaps as many

as four k-receptor subtypes, Ki,, Ky, Ko, and k5. The discovery of opioid receptor subtypes

generated great enthusiasm among researchers and introduced the possibility of developing
subtype-specific therapeutic agents with favorable sideeffect profiles. At this point, however,



the functional significance of these receptor subtypes remains unclear, and distinct cDNA
sequences corresponding to these subtypes have not yet been identified.

In general, it appears that the p receptor mediates most of the clinically relevant analgesic
effects, as well as most of the adverse effects associated with opioid administration. Drugs
acting at the & receptor tend to be poor analgesics, but may modify p receptormediated
antinociception under certain circumstances and mediate opioid receptor “cross-talk.” The
receptor mediates analgesia in several specific locations in the CNS and the periphery, but
distinguishing p-and k-mediated analgesic effects has proven to be difficult.

In contrast to the classic opioid receptors, the nociceptin receptor does not mediate typical
opioid analgesia, but instead produces antiopioid (pronociceptive) effects. Because of the
considerable structural homology among the three classically described opioid receptors, it is
likely that there are significant interactions among these receptors in different tissues, and the
loosely defined physiological roles ascribed to each receptor type still require further
clarification.

Endogenous receptor ligands

The aforementioned opioid receptors discussed are part of an extensive opioid system that
includes a large number of endogenous opioid peptide ligands. Endogenous opioid peptides
are small molecules that are naturally produced in the CNS and in various glands throughout
the body, such as the pituitary and the adrenal. Three distinct families of endogenous opioid
peptides have been identified: the enkephalins, the dynorphins, and 3 endorphin. Each of these
is derived from a distinct precursor polypeptide: proenkephalin, prodynorphin, and
proopiomelanocortin, respectively. These endogenous opioid peptides are expressed
throughout the CNS, and their presence has been confirmed in peripheral tissues, as well.
There are considerable structural similarities among these three groups of peptides, and each
family demonstrates variable affinities for i, 6, and k receptors. None of them bind exclusively
to a single opioid receptor, and none of them have any significant affinity for the nociceptin
receptor. The physiological roles of these peptides are not completely understood at this time.
They appear to function as neurotransmitters, neuromodulators, and, in some cases, as
neurohormones. They mediate some forms of stress-induced analgesia and also play a role in
analgesia induced by electrical stimulation of discrete regions in the brain, such as the
periaqueductal gray area of the mesencephalon.

Nociceptin (also known as orphanin FQ) is the endogenous ligand for the more recently
discovered nociceptin receptor. Nociceptin is derived from pronociceptin, and its amino acid
sequence is closely related to that of the aforementioned endogenous opioid peptides. Despite
this homology, nociceptin binding is specific for the nociceptin receptor, and the peptide does
not appear to interact with p, 6, or K receptors. Furthermore, the physiological effects of
nociceptin are in direct contrast to the actions of the classical endogenous opioid peptides,
with nociceptin producing a distinctly pronociceptive effect. The functional significance of
nociceptin and its receptor remains to be elucidated, but additional insight into this novel
opioid peptide may have substantial implications in future therapeutic drug development.



In addition to the enkephalins, dynorphins, -endorphin, and nociceptin, there are now two
other recently discovered endogenous opioid peptides called endomorphin 1 and endomorphin
2. These peptides are putative products of an as yet unidentified precursor and have been
proposed to be the highly selective endogenous ligands for the p receptor. The endomorphins
are small tetrapeptides that are structurally unrelated to the endogenous opioid peptides. Their
identification has heralded a new era in research of the p opioid system, which may contribute
to our understanding of the neurobiology of opioids and provide new avenues for therapeutic
interventions.

Signaling and mechanisms of analgesia

Binding of an opioid agonist to a neuronal opioid receptor, regardless of whether the agonist is
endogenous or exogenous, typically leads to several events that serve to inhibit the activation
of the neuron. Opioid receptors are part of a large superfamily of membrane bound receptors
that are coupled to G proteins. As such, they are structurally and functionally related to
receptors for many other neurotransmitters and neuropeptides that act to modulate the activity
of nerve cells. Opioid receptor binding, via activation of various types of G proteins, may
inhibit adenylyl cyclase (cyclic adenosine monophosphate) activity, activate receptor-operated
potassium ion (K*) currents, and suppress voltagegated calcium ion (Ca®*) currents.

At the presynaptic level, decreased Ca?" influx will reduce release of transmitter substances,
such as substance P, from primary afferent fibers in the spinal cord dorsal horn, thereby
inhibiting synaptic transmission of nociceptive input. Postsynaptically, enhanced K" efflux
causes neuronal hyperpolarization of spinal cord projection neurons and inhibits ascending
nociceptive pathways. A third potential mode of opioid action involves upregulation of
supraspinal descending antinociceptive pathways in the PAG. It is now known that this system
is subject to tonic inhibition mediated by GABAergic neurons, and opioid receptor activation
has been shown to suppress this inhibitory influence and augment descending antinociceptive
transmission. The proposed cellular basis for this involves p receptors that activate voltage-
dependent K™ ions present on presynaptic GABAergic nerve terminals that inhibit GABA
release into the synaptic cleft. It is important to note that although our collective understanding
of opioid receptor-mediated signaling has increased dramatically in recent years, the
relationship of such subcellular events to clinical analgesia at the level of the organism
continues to require further clarification.

Distribution and therapeutic implications

Although cellular and molecular studies of opioid receptors and ligands are invaluable in
understanding their function, it is critical to place opioid receptors in their anatomical and
physiological context to fully appreciate the opioid system and its relevance to pain
management. It has long been a principle tenet of opioid analgesia that these agents are
centrally acting, and this understanding has shaped the way we use opioid analgesics
clinically. It has been well established that the analgesic effects of opioids arise from their



ability to directly inhibit the ascending transmission of nociceptive information from the spinal
cord dorsal horn, and to activate inhibitory pathways that descend from the midbrain via the
rostral ventromedial medulla to the spinal cord. Within the CNS, evidence of p, 6, and x
opioid receptor messenger RNA and/or opioid peptide binding has been demonstrated in
supraspinal sites, including the mesencephalic PAG, the mesencephalic RF, various nuclei of
the rostral ventromedial medulla, and forebrain regions including the nucleus accumbens, as
well as spinally within the dorsal horn. The interactions between groups of opioid receptors at
various spinal and supraspinal locations, as well as interactions among different receptor types
within a given location are complex and incompletely understood at this time.

Systemic administration of opioid analgesics via intravenous, intramuscular, or subcutaneous
injection will induce a relatively rapid onset of action via interaction with these CNS
receptors. Oral, transdermal, rectal, or buccal mucosal administration of opioids will result in
variable systemic absorption, depending on the characteristics of the particular agent, with
analgesic effects being mediated largely by the same receptors within the CNS. In addition,
neuraxial administration, either into the subarachnoid or epidural space, is an efficacious route
of administration. Small doses of opioids introduced via these routes readily penetrate the
spinal cord and interact with spinal and/or supraspinal opioid receptors to produce profound
and potentially long-lasting analgesia, the characteristics of which will depend on the
particular drug used.

Even though opioids have long been considered the prototype of centrally acting analgesics,
a body of evidence has emerged that clearly indicates that opioids can produce potent and
clinically measurable analgesia by activation of opioid receptors in the peripheral nervous
system. Opioid receptors of all three major types have been identified on the processes of
sensory neurons, and these receptors respond to peripherally applied opioids and locally
released endogenous opioid peptides when upregulated during inflammatory pain states.
Furthermore, although sympathetic neurons and immune cells have also been shown to express
opioid receptors, their functional role remains unclear. Although the binding characteristics of
peripheral and central opioid receptors are similar, the molecular mass of peripheral and
central p opioid receptors appears to be different, suggesting that selective ligands for these
peripheral receptors could be developed that would produce opioid analgesia without the
potential to induce centrally mediated adverse side effects.

Adverse effects

Although opioids are used clinically primarily for their pain-relieving properties, they also
produce a host of other effects on a variety of body systems. This is not surprising in light of
the wide distribution of endogenous opioid peptides and their receptors in supraspinal, spinal,
and peripheral locations. Some of these adverse effects, such as sedation, may be classified as
either desirable or undesirable depending on the clinical circumstances. The following is a
brief summary of these major side effects as they relate to opioids as a class of drugs.



CNS

There are considerable species differences in the CNS response to opioid analgesics that
cannot be attributed to pharmacokinetic variations alone. CNS depression (i.e., sedation) is
typically seen in dogs, monkeys, and people, whereas CNS stimulation (i.e., excitement and/or
spontaneous locomotor activity) may be elicited in cats, horses, goats, sheep, pigs, and cows
after systemic administration of various opioids, most notably morphine. Reasons for these
different responses are not entirely clear at this time, but are presumably related to differing
concentrations and distributions of i, §, and k receptors in various regions of the brain in these
species. Despite these fundamental differences, it must be remembered that there are numerous
factors that may affect the CNS response to opioids within a given species, including the
temperament or condition of the patient; the presence or absence of pain; the dose, route, and
timing of drug administration; and the specific opioid administered.

The hypothalamic thermoregulatory system is also affected by opioid administration.
Hypothermia tends to be the most common response, particularly when opioids are used during
the perioperative period in the presence of other CNS-depressant drugs. Under some clinical
circumstances, however, opioid administration causes hyperthermia in cats. Part of this
increase in body temperature may be attributed to an increase in muscle activity associated
with CNS excitation in this species; however, a specific central hypothalamic mechanism has
also been implicated, but remains poorly understood. Panting is seen commonly after opioid
administration, most often in dogs, but this effect tends to decrease with the onset of
hypothermia.

Nausea and vomiting associated with opioid administration are caused by direct stimulation
of the chemoreceptor trigger zone for emesis located in the area postrema of the medulla. As
with the other centrally mediated side effects, species plays a role in determining an
individual ‘s tendency to vomit after an opioid is administered. Cats may vomit, but usually at
doses that are greater than those which stimulate vomiting in dogs. Dogs will commonly vomit
after opioid administration, especially with morphine. Emesis is rarely seen when opioids are
administered in the immediate postoperative period or in any patient that may be experiencing
some degree of pain.

Opioids have variable efficacy in depressing the cough reflex, at least in part by a direct
effect on a cough center located in the medulla. Certain opioids are more effective antitussives
than others, and drugs like codeine, hydrocodone, and butorphanol are occasionally prescribed
specifically for this indication.

As a general rule, opioids tend to produce mydriasis in those species that exhibit CNS
excitation, and miosis in those that become sedated after opioid administration. Miosis is
produced by an excitatory action of opioids on neuronal firing in the oculomotor nucleus. In
cats, and presumably in other species that exhibit mydriasis, this increase in activity in the
oculomotor nuclear complex still occurs, but the miotic effect is masked by increased release
of catecholamines, which produces mydriasis.



Respiratory system

Opioids produce dose-dependent depression of ventilation, primarily mediated by p,

receptors, leading to a direct depressant effect on brain stem respiratory centers. This effect is
characterized by decreased responsiveness of these centers to carbon dioxide and is reflected
in an increased resting arterial carbon dioxide partial pressure and displacement of the carbon
dioxide response curve to the right. This effect is compounded by the coadministration of
sedative and/or anesthetic agents, meaning that significant respiratory depression and
hypercapnia are much more likely to occur in anesthetized patients that receive opioids
compared with those that are conscious. It should be noted that, in general, humans tend to be
more sensitive to the respiratory depressant effects of opioids when compared with most
veterinary species, and the risk of hypoventilation would rarely constitute a legitimate reason
for withholding opioid treatment in clinical practice; however, careful patient monitoring is
prudent.

Cardiovascular system

Most opioids have minimal effects on cardiac output, cardiac rhythm, and arterial blood
pressure when clinically relevant analgesic doses are administered. Bradycardia may be
caused by opioid-induced medullary vagal stimulation and will respond readily to
anticholinergic treatment. Particular opioids (morphine and meperidine) can cause histamine
release, especially after rapid intravenous administration, which may lead to vasodilation and
hypotension. Because of their relatively benign effects on cardiovascular function, opioids
commonly form the basis of anesthetic protocols for patients with preexisting cardiovascular
disease.

Gastrointestinal system

The gastrointestinal effects of the opioids are mediated by p and é receptors located in the
myenteric plexus of the gastrointestinal tract. Opioid administration will often stimulate dogs
and, less frequently, cats to defecate. After this initial response, spasm of gastrointestinal
smooth muscle predisposes patients to ileus and constipation. These side effects tend to be
most significant with prolonged administration of opioids in dogs and cats experiencing
chronic pain, and such patients may require dietary modifications and stool-softening
medications to manage these adverse effects.

In human patients, opioids (most notably fentanyl and morphine) have been shown to
increase bile duct pressure through constriction of the sphincter of Oddi. The incidence of this
side effect in people is, however, quite low. Despite anatomical differences, this observation
has led to concerns about opioid administration to dogs and cats with pancreatitis and/or
cholangitis. A study reviewing the body of human literature found that, despite widespread
clinical practice, there was no evidence to indicate that morphine is contraindicated for use in
acute pancreatitis. As there are no studies that specifically evaluate the effects of opioids in
dogs and cats with pancreatitis, it does not at this time seem appropriate to withhold this class




of drugs from this subset of severely painful patients.

Genitourinary system

Opioids, particularly when administered neuraxially, may cause urinary retention through dose-
dependent suppression of detrusor contractility and decreased sensation of urge. Manual
expression of the urinary bladder or catheterization may be required in certain individuals until
urodynamic function returns to normal. Urine volume may also be affected by opioids, and the
mechanism of this effect appears to be multifactorial. p-Agonists tend to produce oliguria in
the clinical setting, and this is in part due to increased antidiuretic hormone release leading to
altered renal tubular function. Elevations in circulating plasma atrial natriuretic peptide may
also play a role in morphine-induced antidiuresis. Conversely, k-agonists tend to produce a
diuretic effect, possibly through inhibition of antidiuretic hormone secretion. Other peripheral
mechanisms involving stimulation of renal alpha, adrenergic receptors may also contribute to

this k-agonist effect.

Agonists

Almost all clinically useful opioids exert their analgesic effects by acting as agonists at p
receptors. Although a few opioids act as k-agonists, these drugs also tend to have antagonist or
partial agonist effects at p and/or 6 receptors and are thus not classified as pure agonists. Pure
or full opioid agonists can elicit maximal activation of the receptor when they bind it, and the
subsequent downstream processes produce a maximal analgesic effect (Figure 3.4). Clinically,
the full p-agonists are superior analgesics and are the drugs of choice for pain of moderate to
severe intensity in many veterinary species (see Table 3.1 for recommended dosages).

Figure 3.4. A lock-and-key analogy is used to illustrate full agonist drug interactions at opioid
receptors, with a relative dose-response curve for analgesic effectiveness shown. A full opioid
agonist (in this example morphine) stimulates both and K-receptor types, which produces
increased analgesic effect with increased dose.

Source: Modified from Nicholson A., Christie M. 2002. Opioid analgesics. In: Small Animal Clinical Pharmacology. J.
Maddison, S. Page, and D.B. Church, eds. Philadelphia, PA: WB Saunders, pp. 271-292.
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Table 3.1. Dosage ranges (milligram per kilogram) for opioid agonists in several domestic
species
Source: Lamont L.A., Mathews K.A. 2007. Opioids, nonsteroidal anti-inflammatories, and analgesic adjuvants. In:

Lumb and Jones’ Veterinary Anesthesia and Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds.
Ames, IA: Blackwell Publishing, p. 245.
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4 Preservative-free formulations are recommended for epidural administration.

b Doses are for sustained-release product (MS Contin, Purdue Pharma L.P., Stamford, CT), which should be dosed every

12hours.

¢ Lower IV infusion rates are suitable for management of most types of pain, whereas higher rates will produce profound



analgesia suitable for surgery.

d Fentanyl transdermal patches are available in 0.025-, 0.05-, 0.075-, or 0.1-mg/h sizes. CRI, continuous rate infusion; IM,
intramuscular(ly); IV, intravenous(ly); NR, not recommended for administration in this species; PO, peros (orally); SC,
subcutaneous(ly); ?, reliable doses have not been established for this species.

Morphine

Morphine is the prototypical opioid analgesic and acts as a full agonist not only at p receptors,
but also at 8 and k receptors. Despite the development of numerous synthetic opioids, many of
which are more potent than morphine and may have other characteristics that make them
desirable alternatives to morphine in certain circumstances, no other drug has been shown to
be more efficacious than morphine at relieving pain. Compared with the synthetic opioid
agonists, morphine is relatively hydrophilic and crosses the blood-brain barrier more slowly
than fentanyl or oxymorphone, thereby delaying the peak effect somewhat even after
intravenous administration. Clinically, this lag is not likely to be significant under most
circumstances, with the onset of analgesia occurring reasonably promptly after a single dose of
morphine and typically lasting 3—4 hours. Morphine’s poor lipid solubility means that it can
produce long-lasting analgesia when administered into the epidural or subarachnoid space,
with effects persisting for 12-24hours. The first-pass effect is significant after oral
administration, and the bioavailability of oral morphine preparations is only in the range of
25%. If dose adjustments are made, adequate pain relief can be achieved with oral morphine
administration, and the duration of action tends to be somewhat longer with this route.

In most species, the primary metabolic pathway for morphine involves conjugation with
glucuronic acid, leading to the formation of two major metabolites: morphine 6-glucuronide
and morphine 3-glucuronide. Despite the low levels of glucuronyl transferase in cats, the
pharmacokinetics of morphine in this species seem to be broadly comparable to those in dogs
and people, though clearance rates may be marginally slower. This suggests that morphine must
undergo a different type of conjugation reaction in this species. Morphine 6-glucuronide has
pharmacological activities that are indistinguishable from those of morphine in animal models
and in people, whereas morphine 3-glucuronide appears to have little affinity for opioid
receptors, but may contribute to the excitatory effects of morphine in some situations. With
chronic morphine administration, it is likely that the active metabolite, morphine 6-
glucuronide, contributes significantly to clinical analgesia.

The adverse effects associated with morphine administration are typical of most opioid
agonists and have been discussed previously in this chapter. In particular, the increased
incidence of vomiting after morphine administration, as well as its potential to cause histamine
release after intravenous administration, helps to distinguish morphine from other full opioid
agonists.

Clinically, morphine is a useful analgesic in dogs and cats. It is often administered at fixed
dosing intervals via the intramuscular, subcutaneous, or, less commonly, intravenous routes to
manage pain associated with a variety of traumatic injuries and disease processes. Morphine
has also been used extensively throughout the perioperative period in these species to manage



pain associated with surgical procedures. In dogs and cats, the sparing effect of morphine on
both injectable and inhalant anesthetic requirements can be significant. Morphine is
particularly effective in dogs when administered intravenously as a continuous infusion, which
facilitates more precise dose titration to achieve optimal analgesic effects. Subcutaneous
infusions of morphine and other opioids are being employed in human patients experiencing
cancer pain, and, as subcutaneous infusion devices are developed that are applicable to dogs
and cats, this route of administration may be accessed by veterinarians in the future.
Administration of the drug into the epidural or, less commonly, subarachnoid space is a
common analgesic technique employed in both dogs and cats in a variety of clinical situations.
More recently, the discovery of peripheral p opioid receptors has led to the clinical practice of
instilling morphine locally into inflamed joints and even topically onto damaged corneas to
supplement analgesia in canine patients.

Oxymorphone

Oxymorphone is a synthetic opioid that acts as a full agonist at p receptors and is comparable
with morphine in its analgesic efficacy and duration of action. It is a more lipid-soluble drug
than morphine and is readily absorbed after intramuscular or subcutaneous administration.
Oxymorphone is not available as an oral formulation.

When compared with morphine, oxymorphone is less likely to cause dogs and cats to vomit,
and tends to produce more sedation when administered to these species. Its respiratory
depressant effects are similar to those induced by morphine, but oxymorphone seems more
likely to cause dogs to pant. It does not produce histamine release, even when administered
intravenously. Oxymorphone’s other side effects are typical of other full p-agonist opioids and
have been discussed previously.

Oxymorphone has been used extensively in dogs and cats, and is most often administered at
fixed dosing intervals, either intramuscularly, subcutaneously, or intravenously, to manage pain
in a variety of clinical settings. It is also commonly used in the preanesthetic, intraoperative,
and postoperative periods in surgical patients. Oxymorphone has been administered epidurally
in dogs, but its relative lipid solubility means that its analgesic action is briefer when
administered by this route compared with the action of morphine.

Hydromorphone

Hydromorphone is a synthetic opioid that acts as a full agonist at p receptors and is used in
both human and veterinary medicine. Clinically, hydromorphone and oxymorphone have
similar efficacy, potency, duration of analgesic action, and side-effect profiles, but
hydromorphone remains significantly less expensive. Like oxymorphone, hydromorphone is not
associated with histamine release, so bolus intravenous administration is considered safe,
although it can lead to brief excitation and vocalization.

In dogs and cats, hydromorphone can be used in any clinical situation where oxymorphone is
used. Evidence from the human literature suggests that hydromorphone may be suitable for



administration via a continuous infusion, either intravenously, subcutaneously, or epidurally,
and these routes of administration may further expand the use of hydromorphone in veterinary
patients in the future.

Meperidine

Meperidine is a synthetic opioid that exerts its analgesic effects through agonism at p
receptors. Interestingly, it also appears able to bind other types of receptors, which may
contribute to some of its clinical effects other than analgesia. Meperidine can block sodium
channels and inhibit activity in dorsal horn neurons in a manner analogous to local anesthetics.
Meperidine also exerts agonist activity at alpha, receptors, specifically the alpha,g subtype,

suggesting that it may possess some alpha, agonist-like properties.

Meperidine has a shorter analgesic action compared with morphine, oxymorphone, or
hydromorphone, typically not extending beyond 1 hour. Metabolic pathways vary among
different species, but, in general, most of the drug is demethylated to normeperidine in the liver
and then undergoes further hydrolysis and ultimately renal excretion. Normeperidine is an
active metabolite and has approximately one-half the analgesic efficacy of meperidine.
Normeperidine has produced toxic neurological side effects in human patients receiving
meperidine for prolonged periods, especially in the presence of impaired renal function.

Unlike most of the other opioids in clinical use, meperidine has been shown to produce
significant negative inotropic effects when administered alone to conscious dogs. Because of
its modest atropine-like effects, meperidine tends to increase heart rate rather than predispose
patients to bradycardia, as is often seen with other opioids. The clinical significance of these
cardiovascular effects in the perianesthetic period has never been clearly ascertained. Like
morphine, meperidine also causes histamine release when administered intravenously.

A rare, but life-lhreatening, drug interaction that may have relevance in veterinary medicine
has been reported in human patients receiving meperidine. The combination of meperidine
(and perhaps other opioids) with a monoamine oxidase inhibitor may lead to serotonin
syndrome, which is characterized by a constellation of symptoms, including confusion, fever,
shivering, diaphoresis, ataxia, hyperreflexia, myoclonus, and diarrhea. A monoamine oxidase
inhibitor, selegiline (or deprenyl), has been used in canine patients to treat pituitary-dependent
hyperadrenocorticism or to modify behavior in patients with canine cognitive dysfunction.
Though there have not, to date, been any scientific studies of adverse meperidine—selegiline
interactions in dogs, veterinarians must be aware of the potential for complications if analgesia
is required in patients receiving monoamine oxidase inhibitors. A recent study that evaluated
the effects of other opioids (oxymor-phone and butorphanol) in selegiline-treated dogs did not
identify any specific adverse drug interactions in these animals.

Clinically, meperidine has been used primarily in dogs and cats during the preanesthetic
period, often in combination with sedatives or tranquilizers. In patients undergoing surgery,
administration of another full p-agonist opioid with a longer duration of action is
recommended for use postoperatively. Meperidine appears to offer few, if any, advantages



over other opioids, such as oxymorphone or hydromorphone, in these species during the
perioperative period.

Fentanyl

Fentanyl is a highly lipid soluble, short-acting synthetic p opioid agonist. A single dose of
fentanyl administered intravenously has a more rapid onset and a much briefer action than
morphine. Peak analgesic effects occur in about 5 minutes and last approximately 30minutes.
Rapid redistribution of the drug to inactive tissue sites, such as fat and skeletal muscle, leads
to a decrease in plasma concentration and is responsible for the prompt termination of clinical
effects. In most veterinary species, the elimination half-life after a single bolus or a brief
infusion is in the range of 2—3 hours. Administration of very large doses or prolonged infusions
may cause saturation of inactive tissues, with termination of clinical effects becoming
dependent on hepatic metabolism and renal excretion. Thus, the context-sensitive half-life of
fentanyl increases significantly with the duration of the infusion, and clinical effects may
persist for an extended period following termination of a long-term intravenous infusion.

Adverse effects associated with fentanyl administration are similar to those of the other full
H-agonist opioids. In general, cardiovascular stability is excellent with fentanyl, and
intravenous administration is not associated with histamine release. Bradycardia may be
significant with bolus doses, but readily responds to anticholinergics if treatment is warranted.
In human patients, muscle rigidity, especially of the chest wall, has been noted after
administration of fentanyl or one of its congeners. The potential significance of this adverse
effect in animal patients is not clear at this time, and the risk is considered minimal if large,
rapid bolus administrations are avoided.

Clinically, fentanyl is used most frequently in dogs and cats, but is also a potentially useful
analgesic in other species. Because of its shorter action, fentanyl is typically administered as a
continuous infusion to provide analgesia. Intravenous fentanyl can be infused at relatively low
doses to supplement analgesia intraoperatively and/or postoperatively in dogs and cats. It is
also useful for management of nonsurgical pain, such as that associated with pancreatitis.
Alternatively, larger doses can be administered, often in combination with a benzodiazepine
like midazolam, to induce general anesthesia in canine patients with cardiovascular or
hemodynamic instability. Similarly, higher infusion rates of fentanyl can be used as the primary
anesthetic agent for surgical maintenance in patients who will not tolerate significant
concentrations of volatile inhalant anesthetics.

In addition to intravenous administration, fentanyl may be deposited into the epidural space
to produce analgesia. Because of its high lipid solubility, epidural fentanyl, unlike morphine, is
rapidly absorbed into the systemic circulation. Consequently, the clinical effects associated
with a single bolus of epidural fentanyl resemble those of an intravenous injection. However,
the benefits of neuraxial administration can be achieved by administering epidural fentanyl as a
continuous infusion through an indwelling epidural catheter, often in combination with other
analgesic agents. This technique is typically used in canine patients for management of severe
acute pain, but it may have additional applications for the management of chronic pain as well.



The development of novel, less invasive, routes of opioid administration for use in human
patients led to the marketing of transdermal fentanyl patches. The patches are designed to
release a constant amount of fentanyl per hour that is then absorbed across the skin and taken
up systemically. Fentanyl patches are designed for human skin and human body temperature,
but their use has been evaluated in a number of veterinary species. Though transdermal fentanyl
appears to be an effective means of providing analgesia in a number of clinical settings,
substantial variations in plasma drug concentrations have been documented, and significant lag
times after patch placement are common prior to onset of analgesia. Furthermore, changes in
body temperature have been shown to affect fentanyl absorption significantly in anesthetized
cats, and it is likely that other factors associated with skin preparation and patch placement
have the potential to alter plasma fentanyl levels and analgesic efficacy substantially. Two
recent studies evaluating the efficacy of pluronic lecithin organogel (PLO gel2 delivery of
fentanyl through skin in dogs and cats concluded that this method of administration did not
result in measurable plasma concentrations and thus could not be justified as an effective
means of systemic administration.

Alfentanil, sufentanil, and remifentanil

Alfentanil, sufentanil, and remifentanil are all structural analogs of fentanyl that were
developed for use in human patients in an effort to create analgesics with a more rapid onset of
action and predictable termination of opioid effects. All three are similar with regard to onset,
and all have context-sensitive half-lives that are shorter than that of fentanyl after prolonged
infusions. Remifentanil is unique among opioids because it is metabolized by nonspecific
plasma esterases to inactive metabolites. Thus, hepatic or renal dysfunction will have little
impact on drug clearance, and this, in combination with the robust nature of the esterase
metabolic system, contributes to the predictability associated with remifentanil infusion.

All three of these drugs are used during general anesthesia for procedures requiring intense
analgesia and/or blunting of the sympathetic nervous system response to noxious stimulation.
As yet, they have limited applications for postoperative or chronic pain management. Like
fentanyl, they can be administered at relatively low infusion rates as adjuncts to general
anesthetic protocols based on volatile inhalant or other injectable agents, or they can be
administered at higher rates as primary agents for total intravenous anesthesia. The minimum
alveolar-sparing properties of these agents have been demonstrated in both dogs and cats.
There is little evidence to suggest that any of the fentanyl analogs offer advantages over
morphine when administered into the epidural space for analgesia.

Methadone

Methadone is a synthetic p opioid agonist with pharmacological properties qualitatively
similar to those of morphine, but possessing additional affinity for NMDA receptors.
Methadone’s unique clinical characteristics include excellent absorption after oral
administration, no known active metabolites, high potency, and an extended duration of action.




In human patients, the drug has been used primarily in the treatment of opioid-abstinence
syndromes, but is being used increasingly for the management of chronic and acute pain.
Although methadone undergoes CYP 450 metabolism in dogs and the potential for drug
interactions exist, at this time only chloramphenicol has been shown to significantly delay
methadone biotransformation in dogs. Additional studies may identify a role for oral
methadone in the management of acute and chronic pain syndromes in veterinary patients.

Codeine

Codeine is the result of the substitution of a methyl group onto morphine, which acts to limit
first-pass hepatic metabolism and accounts for codeine’s higher oral bioavailability. Codeine
is well known for its excellent antitussive properties and is often combined in an oral
formulation with a nonopioid analgesic, such as acetaminophen, for the management of mild to
moderate pain in human patients. Codeine, alone or in combination with acetaminophen
(Tylenol 3, Ortho-McNeil Pharmaceuticals, Titusville, NJ), has been used in dogs for the
management of mild pain on an outpatient basis. Acetaminophen combinations should not be
prescribed for cats due to the potential for acetaminophen toxicity.

Oxycodone and hydrocodone

Oxycodone and hydrocodone are opioids that are typically administered orally for the
treatment of pain in human patients. Though oxycodone is available as a single-drug
continuous-release formulation (Oxycontin, Purdue Pharma L.P., Stamford, CT), these drugs
are most often prepared in combination with nonopioid analgesics, such as aspirin and
acetaminophen (e.g., Percocet, Endo Pharmaceuticals, Chadds Ford, PA; Percodan, Endo
Pharmaceuticals; and Vicodin, Abbott Laboratories, Abbott Park, IL). Little has been published
regarding the use of these opioids in veterinary patients.

Agonist-antagonists and partial agonists

This group includes drugs that have varying opioid receptor-binding profiles, but that have one
thing in common: They all occupy p opioid receptors, but do not initiate a maximal clinical
response. Drugs such as butorphanol and nalbuphine are classified as agonist-antagonists. They
are competitive p-receptor antagonists, but exert their analgesic actions by acting as agonists at
k receptors (Figure 3.5). Buprenorphine, on the other hand, is classified as a partial agonist
and binds p receptors, but produces only a limited clinical effect (Figure 3.6). These mixed
agonist-antagonist drugs were developed for the human market in an attempt to create
analgesics with less respiratory depression and addictive potential. Because of their opioid
receptor-binding affinities, the adverse effects associated with these drugs demonstrate a so-
called ceiling effect, whereby increasing doses do not produce additional adverse responses.
Unfortunately, the benefits of this ceiling effect on ventilatory depression come at the expense
of limited analgesic efficacy and only a modest ability to decrease anesthetic requirements.



Figure 3.5. A lock-and-key analogy is used to illustrate agonist-antagonist drug interactions at
opioid receptors, with a relative dose-response curve for analgesic effectiveness shown. An
agonist-antagonist opioid (in this case, butorphanol) has agonist activity at k receptors and
antagonist activity at p receptors. In the presence of a full p agonist, these opioids tend to have
antagonistic effects and will increase the dose of full agonist required to achieve maximal
analgesic effect.

Source: Modified from Nicholson A., Christie M. 2002. Opioid analgesics. In: Small Animal Clinical Pharmacology. J.
Maddison, S. Page, and D.B. Church, eds. Philadelphia, PA: WB Saunders, pp. 271-292.
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Figure 3.6. A lock-and-key analogy is used to illustrate partial agonist drug interactions at
opioid receptors, with a relative dose-response curve for analgesic effectiveness shown. A
partial opioid agonist (in this case buprenorphine) weakly stimulates p receptors, which
produces a reduced maximal analgesic effect compared with a full agonist. A large dose of
partial agonist will interfere with the receptor actions of a full agonist, moving its dose-
response curve to the right and depressing its maximal analgesic effect.

Source: Modified from Nicholson A., Christie M. 2002. Opioid analgesics. In: Small Animal Clinical Pharmacology. J.
Maddison, S. Page, and D.B. Church, eds. Philadelphia, PA: WB Saunders, pp. 271-292.
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The coadministration of opioids with differing receptor-binding profiles is currently an
active area of research that deserves further attention. The interactions in this setting are
complex, and opioid coadministration appears to have the potential to produce additive,
synergistic, or antagonistic analgesic effects, depending on the particular species, dosage,
drugs, and pain model being evaluated. The following section contains brief descriptions of
opioid agonist-antagonists and partial agonists that are currently in clinical use.

Butorphanol

Butorphanol is a synthetic agonist-antagonist opioid and has been used extensively in a wide
variety of veterinary species. The drug was originally labeled as an antitussive agent in dogs
and, even now, is approved as an analgesic in cats and horses only. Butorphanol exerts its
relevant clinical effects through its interactions at k receptors and acts as an antagonist at
receptors. The duration of butorphanol’s analgesic effects remains somewhat debatable and
likely varies with species, type and intensity of pain, dosage, and route of administration. In
general, its effects are shorter-lived than those of morphine and are probably in the range of 1-
3 hours. Butorphanol is typically administered via the intramuscular, subcutaneous, or
intravenous route, though an oral formulation is available and is occasionally prescribed for
outpatient analgesia in dogs.

Butorphanol does not induce histamine release when administered intravenously and has
minimal effects on cardiopulmonary function. There is conflicting evidence regarding the
effects of butorphanol on inhalant anesthetic requirements in the dogs and cats. Earlier studies
failed to demonstrate a significant sparing effect on MAC when butorphanol was
coadministered with halothane in dogs. More recently, isoflurane MAC reductions have been
documented after administration of clinically relevant doses of butorphanol in both dogs and
cats. Reasons for these discrepancies are probably related to differences in study techniques,



and, in dogs and cats specifically, it seems that butor-phanol can induce at least modest
reductions in inhalant anesthetic requirements.

When administered alone to healthy dogs and cats, butorphanol produces minimal sedation
only. However, the drug is commonly used in combination with a variety of sedatives and
tranquilizers, such as acepromazine, dexmedetomidine, or midazolam, to produce sedation and
analgesia for minimally invasive procedures. It is also used during the preanesthetic and
postoperative periods to provide analgesia for surgical procedures associated with mild to
moderate pain. Butorphanol does not appear to be an effective monoanalgesic for moderate to
severe pain in these species, especially when pain is orthopedic in origin.

Traditionally, it was thought that the simultaneous or sequential administration of butorphanol
with a pure p opioid agonist such as morphine or hydromorphone would be counterproductive
from an analgesic standpoint because butorphanol’s ability to antagonize p receptors could
inhibit or even reverse the effects of the agonist drug. Certainly, it has been clearly
demonstrated that excessive sedation associated with a pure p-agonist can be partially
reversed by the administration of low doses of butorphanol, and it was presumed that
butorphanol would similarly reverse the p-mediated analgesic effects as well. It would now
appear that the potential interactions between butorphanol and full p opioid agonists are more
complex than originally believed. The clinical effects produced by such coadministration
likely depend on many factors, including species, type of pain, dose, and the specific drugs
involved.

Nalbuphine and pentazocine

Nalbuphine and pentazocine are classified as agonist-antagonist opioids and are clinically
similar to butorphanol. They induce mild analgesia accompanied by minimal sedation,
respiratory depression, or adverse cardiovascular effects. In human patients, nalbuphine is
used more commonly than butorphanol, whereas in veterinary medicine, butorphanol is used
far more frequently. Like butorphanol, nal-buphine is occasionally used to partially reverse the
effects of a full p-agonist opioid while maintaining some residual analgesia.

Buprenorphine

Buprenorphine is a semisynthetic, highly lipophilic opioid derived from thebaine. Unlike other
opioids in this category, buprenorphine is considered to be a partial agonist at p opioid
receptors. The drug binds avidly to, and dissociates slowly from, p receptors, but cannot elicit
a maximal clinical response. Because of its receptor-binding characteristics, buprenorphine
has a delayed onset of action and takes at least 1 hour to attain peak effect after intramuscular
administration. It also has a relatively long action, with clinical analgesic effects persisting for
6—12hours in most species. Also, its high affinity for the p receptor means that it may be
difficult to antagonize its effects with a drug such as naloxone. Buprenorphine has most often
been administered intravenously or intramuscularly; however, because of the long lag time
before clinical effects are achieved after intramuscular administration, the intravenous route is



preferred. A recent study has documented comparable plasma drug levels and analgesic
efficacy with oral transmucosal administration in cats. This route seems to be well tolerated by
feline patients and is becoming increasingly popular in clinical practice. A transdermal
buprenor-phine patch is now commercially available and currently being evaluated.

In dogs and cats, buprenorphine is used most often in the postoperative period to manage
pain of mild to moderate intensity. As with the other opioids in this category, buprenorphine
may not be adequate for management of severe pain such as that associated with thoracotomies
or invasive orthopedic procedures. The drug is a popular analgesic in laboratory animal
species because it can be formulated with a variety of foodstuffs and given orally to rodents.

Antagonists

These drugs have high affinities for the opioid receptors and can displace opioid agonists from
i and k receptors. After this displacement, the pure antagonists bind to and occupy opioid
receptors, but do not activate them. Under ordinary circumstances, in patients that have not
received exogenous agonist opioids, the opioid antagonists have few clinical effects when
administered at clinically relevant dosages. It is important to recognize that these drugs will
rapidly reverse all opioid-induced clinical effects, including analgesia. Therefore, use of pure
opioid antagonists should be reserved for emergency situations such as opioid overdose or
profound respiratory depression. Their routine use for reversal of excessive sedation in
patients experiencing prolonged anesthetic recoveries or in patients that develop bradycardia
secondary to opioid administration may cause the development of intense acute pain and
activation of the sympathetic nervous system.

Naloxone

The use of this pure opioid antagonist can reverse all opioid agonist effects, producing
increased alertness, responsiveness, coordination and, potentially, increased perception of
pain. Naloxone’s effects are shorter than that of many of the opioid agonists, with
recommended intravenous doses lasting between 30 and 60 minutes. Consequently, animals
need to be closely monitored for renarcotization after a dose of naloxone. Occasionally,
excitement or anxiety may be seen after naloxone reversal of an opioid agonist. Premature
ventricular contractions have also been documented after reversal, but are not common and
seem to be more likely if there are high levels of circulating catecholamines. This drug is
sometimes administered sublingually to neonatal patients exhibiting respiratory depression that
have been delivered by cesarean section after maternal administration of an opioid agonist.

Naloxone has also been shown in animal models and human patients to produce a dose-
related improvement in myocardial contractility and mean arterial blood pressure during
shock. Further studies are needed to clarify the role of the endogenous opioid system in the
pathophysiology of various forms of shock.

Nalmefene and naltrexone




Both of these drugs are pure opioid antagonists with clinical effects that last approximately
twice as long as those of naloxone. Though little is published about the use of these drugs in
veterinary patients, they may be advantageous in preventing renarcotization when used to
antagonize the effects of a long-acting opioid.

Nonsteroidal anti-inflammatories

The NSAIDs relieve mild to moderately severe pain, with efficacy dependent on the particular
NSAID administered. The NSAIDs appear to confer synergism when used in combination with
opioids and may demonstrate an opioid-sparing effect should lower dosages of opioid be
required. Their extended duration of action, in addition to their analgesic efficacy and lack of
CNS alterations (sedation or dysphoria), make the NSAIDs ideal for treating acute and chronic
pain in veterinary patients. Careful patient and drug selection is critical, however, because of
their potential for harmful adverse effects.

Cyclooxygenases and PG synthesis

In 1971, Vane discovered the mechanism by which aspirin exerts its anti-inflammatory,
analgesic, and antipyretic actions. He proved that aspirin and other NSAIDs inhibited the
activity of a cyclooxygenase (COX-enzyme that produced PGs involved in the pathogenesis of
inflammation, swelling, pain, and fever. Twenty years later, a second COX enzyme was
discovered and, more recently, a newly identified COX-3 has been identified. COX
(previously termed PG synthase) oxidizes arachidonic acid (previously termed
eicosatetraenoic acid) to various eicosanoids (including PGs and other related compounds)
(Figure 3.7). Oxidation of arachidonic acid by 5-lipoxygenase (5-LOX), the most biologically
important of the mammalian oxygenases, produces the series of eico-sanoids termed
leukotrienes. The release of arachidonic acid from membrane phospho-lipid is catalyzed by the
enzyme phospholipase A, and is the rate-limiting step in PG and leukotriene synthesis. PGG2

is the initial prostenoid formed, followed by PGH,, which serves as a substrate for PGE

synthetase, PGD isomerase, PGF reductase, prostacyclin synthetase, and thromboxane
synthetase for conversion to a variety of other prostenoids ubiquitous throughout cells and
tissues in the body. These include the PGs PGE,, PGD,, PGF,, and PGI, (prostacyclin), and

the thromboxanes TXA, and TXB,, all with diverse functions. The PGs are not stored, but are

synthesized at a constant rate. They have short half-lives of 4-6minutes at 37°C and act locally
at the site of production.

The PGs produced by both COX-1 and COX-2 are ubiquitous throughout the body and serve
to facilitate many physiological functions during both health and illness. Consequently, the
clinical use of NSAIDs has the potential to disrupt these functions, with the possibility of
significant organ dysfunction. Thus, in addition to their role as analgesics, the effects of
NSAIDs on the constitutive functions of the PGs must always be considered. There are several
key points to note: (1) COX-1 generates PGs that are responsible for mucosal defense (i.e.,



secretion of bicarbonate and mucus, mucosal blood vessel attenuation of constriction, and
mucosal epithelial regeneration), as well as TXA,, which is necessary for platelet function; (2)

COX-2 produces PGs that function in the prevention and promotion of healing of mucosal
erosions, and exert anti-inflammatory effects by inhibiting leukocyte adherence, as well as play
a role in renal protection and maturation; and (3) COX-3 produces PGs that exert a protective
function by initiating fever. Thus, depending on the NSAID selected, primary plug formation of
platelets, modulation of vascular tone in the kidney and gastric mucosa, cytoprotective
functions within the gastric mucosa, smooth muscle contraction, and regulation of body
temperature will all be affected. In this regard, however, not all NSAIDs are created equal. As
already noted, the COX-1, COX-2, and COX-3 enzymes make variable contributions to these
functions, and individual NSAIDs inhibit each of these enzymes differently. Some NSAIDs
inhibit both COX-1 and COX-2 (i.e., aspirin, phenylbutazone, ketoprofen, ketorolac, and
flunixin meglumine); other NSAIDs preferentially inhibit COX-2 with only weak inhibition of
COX-1 (i.e., meloxicam, carprofen, etodolac, vedaprofen, and tolfenamic acid); and others
inhibit COX-2 exclusively (i.e., deracoxib, firocoxib, and rofecoxib); whereas still another
drug, acetaminophen, only weakly inhibits both COX-1 and COX-2 while inhibiting COX-3
activity preferentially.

Figure 3.7. The arachidonic acid cascade and eicosanoid synthesis. 5>-HETE, 5-hydroxy-
6,8,11,14-eicosatetraenoic acid; and 5-HPETE, 5-hydroperoxy-6,8,11,14-eicosatetraenoic
acid.

Source: Lamont L.A., Mathews K.A. 2007. Opioids, nonsteroidal anti-inflammatories, and analgesic adjuvants. In:
Lumb and Jones’ Veterinary Anesthesia and Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds.
Ames, IA: Blackwell Publishing, p. 253.
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Several in vitro studies investigating NSAID-selective inhibition of the COX-1 and COX-2
isoenzymes have been published, but their findings are very difficult to interpret because of
inconsistencies in the assays used. Clinically, this information is confusing because it does not
consider the pharmacokinetics of particular drugs and their concentrations in various tissues.
Most NSAIDs that inhibit COX have been shown to result in diversion of arachidonate to the
5-LOX pathway. The 5-LOX is principally found in polymorphonuclear cells, mast cells,
monocytes, basophils, and B lymphocytes that are recruited during inflammatory and immune
reactions. This enzyme catalyzes the initial step in leukotriene biosynthesis, which
subsequently produces various eicosanoids, with leukotriene B, (LI'B,-being the most notable
potent mediator of inflammation. The excessive production of leukotrienes has been implicated
in the creation of NSAID-induced ulcers. As always, however, the biologic system is not
clear-cut. Although the LOX pathway is proinflammatory, there is also an anti-inflammatory
pathway, which is discussed in more detail later.

The contribution of the leukotrienes to the inflammatory process would seem to suggest that
inhibition of both the COX and 5-LOX pathways by a therapeutic agent would enhance the
safety profile and may confer even greater analgesic efficacy because of broader anti-
inflammatory and antinociceptive effects. Data available show that dual-acting compounds are
effective in arthritic models, where they also retain antithrombotic activity, produce little or no
gastrointestinal damage, and do not adversely affect the asthmatic state. A dual COX-5-LOX
inhibitor (tepoxalin) has undergone clinical trials and is now approved for veterinary use.



Tepoxalin has demonstrated gastrointestinal anti-inflammatory activity in mice, which supports
the theory that 5-LOX inhibition can play a vital role in preventing NSAID-induced gastric
inflammation.

Mechanisms of analgesia

PGs, notably PGE, and prostacyclin, are potent mediators of inflammation and pain. These

molecules exert hyperalgesic effects and enhance nociception produced by other mediators,
such as bradykinin. The NSAIDs’ analgesic mechanism of action is through inhibition of COX-
1, COX-2, and COX-3 activity, with subsequent prevention of PG synthesis.

The antinociceptive effects of the NSAIDs are exerted both peripherally and centrally. The
NSAIDs penetrate inflamed tissues, where they have a local effect, which makes them
excellent analgesic choices for treatment of injuries with associated inflammation, as well as
conditions such as synovitis, arthritis, cystitis, and dermatitis. The central action is at both the
spinal and the supraspinal levels, with contributions from both COX-1 and COX-2. This
central effect may account for the overall well-being and improved appetite that are often
observed in patients receiving parenterally administered NSAIDs for relief of acute pain.

The rational use of NSAIDs as analgesics should be based on an understanding of physiology
and pathophysiology. Nociceptive pathways may involve either the COX-1 or COX-2 gene,
and these genes are expressed in different locations and under different circumstances. The
COX-2 isoenzyme, which is known as the inducible isoform because it is upregulated in
inflammatory states, is known to play a key role in nociception. Although the COX-1 gene has
traditionally been thought of as being expressed consti-tutively, this isoenzyme also plays an
integral role in the pain experience.

The COX-2 or inducible isoenzyme can increase by 20-fold over baseline in the presence of
tissue injury and inflammation. Proinflammatory cytokines and mitogens, such as interleukin-1b
(IL-1b), interferon Y-and-umor necrosis factor-a (TNF-a), induce COX-2 expression in
macrophages, as can platelet-activating factor and PGE-. These events may also occur in
chondrocytes, osteoblasts, and synovial microvessel endothelial cells. Higher COX levels
increase prostenoid production where these compounds serve as amplifiers of nociceptive
input and transmission in both the peripheral and central nervous systems. The COX-2-
selective NSAIDs have been shown to be clinically useful in managing inflammatory pain in
human and animal patients. This has been a focus of the pharmaceutical industry, as a more
selective COX-2 inhibitor might show efficacy in alleviating pain and hyperalgesia while
sparing COX-1-constitutive activity and potential adverse effects traditionally associated with
NSAID administration. Unfortunately, this biologic system is not as simple as first envisioned.
Although COX-2 is induced during inflammation, it has also been shown to be induced during
resolution of the inflammatory response where the anti-nflammatory PGs (PGD-and PGF,), but
not proinflammatory PGE2, are produced. Potentially, inhibition of COX-2 during this phase
may actually prolong inflammation. As is the case for COX-1, it now appears that the COX-2
isoenzyme also has important constitutive functions. Studies indicate there may be a protective



role for COX-2 in the maintenance of gastrointestinal integrity, in ulcer healing, and in
experimental colitis in rats. In addition, the COX-2 isoenzyme appears to have constitutive
functions associated with nerve, brain, ovarian and uterine function, and bone metabolism.
Therefore, the potential for NSAID-associated side effects with these systems is of concern. Of
major importance are the COX-2-constitutive functions within the kidney, which differ from
those of COX-1 in hypotensive and hypovolemic states. Also, COX-2 appears to be important
in nephron maturation. The canine kidney is not fully mature until 3weeks after birth, and
administration of a NSAID during this time, or to the bitch prior to birth, may cause a
permanent nephropathy. In fact, in COX-2 null mice, which lack the gene for COX-2, all
animals die of renal failure before 8 weeks of age. Renal failure does not occur in COX-1-
null-developing mice, and they do not develop gastric pathology.

Dissecting out the details of the derivation and specific actions of COX-1 and COX-2
continues to provide important insight into the management of pain with NSAIDs. The picture,
however, remains incomplete because some NSAIDs do not significantly inhibit these
enzymes. This finding stimulated the search for a potential COX-3 isoenzyme. Based on studies
using canine cortex, a COX-3 isoenzyme was discovered that was derived from the same gene
as COX-1. The COX-3 isoenzyme is also present in human brain and heart tissues. It is distinct
from COX-1 and COX-2 as demonstrated in studies using common analgesic—antipyretic
NSAIDs in suppressing COX production. Acetaminophen inhibited COX-3 activity, but not
COX-1 and COX-2, as does dipyrone. Both of these agents are frequently used to reduce fever
in animals. Other analgesic-antipyretic NSAIDs found to be effective COX-3 inhibitors are
diclofenac (the most potent) and aspirin and ibuprofen (which preferentially inhibit COX-3
over COX-1 and COX-2). The overall conclusion of this particular study was that COX-3
possesses COX activity that differs pharmacologically from both COX-1 and COX-2, but is
more similar to COX-1. These findings indicate that the COX-3 isoenzyme is more susceptible
to inhibition by drugs that are analgesic and antipyretic, but that lack antiinflammatory activity.

Fever inhibition

Just as the relationship between pain and the various activities of the COX system is complex,
so too is the association between fever and the COX isoenzymes. The mechanisms leading to
the generation of fever vary depending on the inciting factor, which may be peripheral (i.e.,
endotoxin) or central (i.e., endogenous pyrogens, such as IL-1). Interspecies variation is also
substantial, and the definitive role of the COXs in pyresis remains to be clearly elucidated.
Evidence suggests that COX-2 plays a role in endotoxin pyrexia, whereas based on the
antipyretic effects of acetaminophen and aspirin, COX-1 and COX-3 appear to function in
endogenous pyrexia. Both of these drugs are effective in reducing fever in dogs. As an
alternative in feline patients, ketoprofen and meloxicam have been shown to be effective
antipyretic agents. Ketoprofen appears to be a good antipyretic in both cats and dogs, and this
action can often be achieved at a relatively low dose.



Endogenous anti-inflammatory mechanisms

Endogenously generated small chemical mediators, or autacoids, play a key role in controlling
inflammation by inhibiting polymorphonuclear cell recruitment and enhancing monocyte
activity in a nonphlogistic manner. Arachidonic acid-derived lipoxins, particularly lipoxin A4,
have been identified as anti-inflammatory mediators, indicating that the LOX pathway has a
dual proinflammatory and anti-inflammatory function.

The NSAIDs may amplify or decrease this endogenous antiinflammatory system. Aspirin is
more COX-1 selective and can impair many components of mucosal defense and enhance
leukocyte adherence within the gastric and mesenteric microcirculation. However, with
chronic use of aspirin, an adaptation of the gastric mucosa is associated with a marked
upregulation of COX-2 expression and lipoxin production. This lipoxin is specifically termed
aspirin-triggered lipoxin (ATL). Aspirin is unique among current therapies because it
acetylates COX-2, thereby enabling the biosynthesis of 15(R)-hydroxyeicosatetraenoic acid
from arachidonic acid, which is subsequently converted to ATL by 5-LOX. Inhibition of either
the COX-2 or 5-LOX enzymes causes blockade of ATL synthesis. Lipoxin A4 and ATL (a
carbon-15 epimer of lipoxin) attenuate aspirin-induced leukocyte adherence, whereas
administration of selective COX-2 inhibitors blocks ATL synthesis and has been shown to
augment aspirin-induced damage and leukocyte adherence to the endothelium of mesenteric
venules in rats.

In addition to the lipoxins, aspirin-induced COX-2 acetylation generates numerous other
endogenous autacoids derived from dietary omega-3 fatty acids. Some of these local autacoids
are potent inhibitors of neutrophil recruitment, thereby limiting the role of these cells during the
resolution phase of inflammation, and thus are referred to as resolvins. The identification of
both the lipoxins and the resolvins has introduced new potential therapeutic avenues for the
treatment of inflammation, cardiovascular disease, and cancer.

Pharmacological considerations

The NSAIDs are effective analgesics as indicated by the human consumption of 120 billion
aspirin tablets per year in addition to the many other NSAIDs currently on the market. Despite
this, the safety profile of these analgesics remains a concern. A search for the NSAID without
adverse gastrointestinal effects is still ongoing. Incorporation of a nitric oxide-generating
moiety into the molecule of several NSAIDs has shown attenuation of the ulcerogenic effects of
these drugs. However, nitric oxide has also been implicated in the pathogenesis of arthritis and
subsequent tissue destruction.

Because of their high protein binding, NSAIDs can displace other drugs from their plasma
protein-binding sites and potentially increase their plasma concentration. This is rarely a
concern unless NSAIDs are administered to patients with organ dysfunction or in those
receiving other highly protein-bound medications with a narrow therapeutic index. Interference
with the metabolism and excretion of certain coadministered drugs may occur; therefore,
verifying the safety of combination therapy is always mandatory.



NSAID-induced renal insufficiency is usually temporary and reversible with drug
withdrawal and administration of intravenous fluids. Accidental ingestion of NSAIDs should
be managed with gastric lavage (if within 1 hour) followed by administration of activated
charcoal and gastric protectants. If evidence of gastric ulcers exist, aggressive sucralfate
therapy is necessary. Intravenous fluid therapy should continue for at least 1day. Therapy
beyond this period will depend on the renal and gastric status of the individual patient.

Patient selection and therapeutic considerations

The general health of a patient greatly influences the decision to use NSAIDs. Cats and dogs
are more susceptible than people to the adverse effects of this class of drugs. Thus, the
reported safety of any one NSAID in human patients should not be assumed to be so in
veterinary patients. Most NSAIDs have a narrow safety margin, so accurate dosing is
necessary.

The administration of NSAIDs for perioperative pain management should be restricted to
animals older than 6 weeks that are well hydrated and normotensive. Patients should have
normal hemostatic function, no evidence or concern for gastric ulceration, and normal renal
and hepatic function. Although these are general guidelines, future studies may indicate that
short-term management of acute pain by using COX-1-sparing and, to some degree, COX-2-
sparing NSAIDs may prove safe in animals with minimally compromised liver or renal
function. Patients should not receive corticosteroids and NSAIDs concurrently, nor should
different NSAIDs be administered concurrently.

The preemptive use of NSAIDs is controversial because of their potential for harm. An
earlier study assessing the effects on the kidney of preoperative administration of ketorolac,
ketoprofen, or carprofen resulted in variable alterations in parameters measured. The
conclusions of the study were that, in clinically normal dogs undergoing elective surgery, the
use of these NSAIDs was not contraindicated, although renal function was not measured and
two dogs in each of the ketoprofen and ketorolac groups were azotemic. Another study
assessing effects of preoperative administration of ketoprofen on whole blood platelet
aggregation, buccal mucosal bleeding time, and hematologic indices in dogs undergoing
elective ovariohysterectomy showed a decrease in platelet aggregation for at least 1 day after
surgery.

The benefit of preoperative administration of NSAIDs is the potential for a preemptive effect
and the presence of analgesia upon recovery. When NSAIDs are administered postoperatively,
opioids are often given concurrently, as 45 minutes is required to obtain a therapeutic effect
with an NSAID, regardless of route. Another potential approach could be to administer the
NSAID parenterally prior to completing the surgical procedure at least 45 minutes prior to
extubation. Often it is difficult to distinguish the difference in the analgesic effects produced by
preoperative versus intraoperative NSAID administration. For prolonged operative
procedures, the benefit of a longer postoperative effect may be seen with administration of the
NSAID upon completion, rather than at the start, of the procedure.



Postoperative pain

The NSAIDs are extremely valuable in selected orthopedic and soft tissue surgical procedures,
especially where extensive inflammation or soft tissue trauma is present. Opioid
administration is preferred immediately after any surgical procedure, because the sedative-
analgesic effects of this class of drugs help to ensure a smooth recovery. Injectable NSAIDs
(carprofen, ketoprofen, meloxicam, or tolfenamic acid) can be coadminis-tered initially with
an opioid and subsequently used alone following orthopedic and selected soft tissue surgery;
however, this depends on the degree of pain an animal is experiencing. Oral NSAIDs may be
administered when an animal is able to eat. The initial dose of NSAID depends on the
expected severity of pain.

Inflammatory conditions

For relief of pain caused by meningitis, bone tumors (especially after biopsy), soft tissue
swelling (mastitis), polyarthritis, cystitis, otitis, or severe inflammatory dermatologie diseases
or injury (e.g., degloving and animal bites), the NSAIDs may be more efficacious than opioids.
However, as many of these patients may be more prone to NSAID toxicity, careful patient
selection and management are advised. The combination of an opioid with a low dose of
NSAID is also effective in these conditions. An exception is necrotizing fasciitis, where
NSAIDs may actually increase morbidity and mortality.

Osteoarthritis

The major adverse effects associated with long-term use of NSAIDs for osteoarthritis in dogs
are predominantly associated with the gastrointestinal tract. Gastroduodenal pathology
associated with buffered aspirin, carprofen, etodolac, and placebo has been evaluated in
healthy dogs after a 4-week course of administration. Two independent studies concluded that
the administration of carprofen, etodolac, or placebo produced significantly fewer
gastroduodenal lesions in dogs than did buffered aspirin. Similar studies comparing ketoprofen
with aspirin and placebo, and comparing carprofen, meloxicam, and ketopro-fen to aspirin and
placebo, noted that these NSAIDs produced mild to moderate gastrointestinal lesions that were
similar to placebo, but significantly less severe than those produced by aspirin.

As many patients with osteoarthritis are geriatric, a rapid reduction of the dose to affect a
comfortable state is advised to reduce potential toxicity. For example, alternating every-third-
day therapy of meloxicam with half the recommended label dose proved efficacious in some
dogs during a 1-year period. If an individual patient requires persistent high doses of a
particular NSAID to manage pain, prescribing a different NSAID may be more effective
because of individual variation in response and effect, as previously discussed. When the
adverse effects of an NSAID are a concern, reducing the dose and adding an analgesic of a
different class (e.g., tramadol) may be equally effective for the treatment of chronic severe
pain. However, for many geriatric animals with renal insufficiency, NSAIDs may be the only
effective class of analgesic. For these animals, quality of life is a major issue. Informed



consent of the owner is imperative in these situations because of the prescribing of the drug in
contradiction to the approved label information.

During NSAID therapy, all patients should be monitored for hematochezia or melena,
vomiting, increased water consumption, and nonspecific changes in demeanor. If any of these
occur, the owner should be instructed to stop the medication and consult a veterinarian.
Intermittent monitoring of creatinine and alanine aminotransferase (ALI) is recommended
when the use of NSAIDs is prescribed on a chronic basis.

Another important consideration for chronic use is the potential effect of NSAID therapy on
joint and cartilage metabolism. Studies investigating the effects of carprofen and meloxicam at
therapeutic doses found no toxicological or pharmacological actions on cartilage proteoglycan
metabolism. In addition, meloxicam may have the potential for controlling cellular
inflammatory reactions at inflamed sites in the joints of patients with osteoarthritis.

Miscellaneous conditions

Other indications for the use of NSAIDs are panosteitis, hypertrophic osteodystrophy (HOD),
cancer pain (especially of bone), and dental pain. The NSAIDs with selective COX-1
inhibition should be used with caution after dental extractions where bleeding is, or may be, of
concern. Meloxicam, carprofen, and the coxibs have minimal, if any, antithromboxane activity
and should, therefore, not interfere with platelet adhesion. For severe panosteitis and HOD, the
full loading dose of an NSAID is required to obtain a suitable effect. The HOD of
Weimaraners is poorly responsive to NSAID therapy and is better treated with high-dose,
short-term corticosteroids, provided infectious disease has been ruled out and clinical signs
are consistent with HOD alone.

Contraindications

NSAIDs should not be administered to patients with acute renal insufficiency, hepatic
insufficiency, dehydration, hypotension, or conditions associated with low effective circulating
volume (e.g., congestive heart failure or ascites), coagulopathies (e.g., factor deficiencies,
thrombocytopenia, or von Willebrand’s disease), or evidence of gastric ulceration (i.e.,
vomiting with or without the presence of “coffee ground material” or melena). Administration
of NSAIDs following gastrointestinal surgery must be determined by the overall health of the
gut at the time of surgery. As the COX-2 isoenzyme is important for healing, intuitively
NSAIDs producing potent COX-2 enzyme inhibition would be contraindicated where
compromised bowel is noted. Concurrent use of other NSAIDs (e.g., aspirin) or
corticosteroids is not recommended. The wuse of COX-1 preferential NSAIDs is
contraindicated in patients with spinal injury (including herniated intervertebral disc) because
of the potential for hemorrhage and neurological deterioration, and because of excessive
bleeding at the surgical site should surgical treatment be pursued. The NSAIDs should never
be administered to patients in shock, trauma patients upon presentation, or patients with
evidence of hemorrhage (e.g., epistaxis, hemangiosarcoma, or head trauma) until the patient



can be stabilized and organ function assessed. The condition of patients with severe or poorly
controlled asthma, such as feline asthma, or other types of moderate to severe pulmonary
disease, may deteriorate with NSAID administration. Aspirin administration has been
documented to exacerbate asthma in human patients, but the administration of COX-2-specific
NSAIDs did not worsen clinical signs. It is unknown whether animals may be affected in this
way.

Because of inhibition of PG activity, the NSAIDs may be detrimental to reproductive
function. Indomethacin may block PG activity in pregnant women, causing cessation of labor,
premature closure of the ductus arteriosus in the fetus, and disruption of fetal circulation. These
effects may also occur in animals, so NSAIDs should not be administered during pregnancy. As
COX-2 induction is necessary for ovulation and subsequent implantation of the embryo, the use
of NSAIDs should also be avoided in breeding females during this stage of the reproductive
cycle. As previously mentioned, the COX-2 isoenzyme is required for maturation of the
embryological kidney, so COX-2 administration to lactating mothers should be avoided.

Specific NSAIDs

Recommended dosages are listed in Table 3.2.

Meloxicam

Meloxicam is a COX-2 preferential NSAID approved for oral use in dogs in Australasia,
Europe, and North America. The parenteral formulation is approved for cats in Australasia and
the United States. Studies indicate no permanent renal or hepatic abnormalities with acute
administration; however, concern exists (as with all NSAIDs) that cats may develop acute
renal damage with one or more doses).

Table 3.2. Dosage ranges (milligram per kilogram unless otherwise indicated) for NSAIDs in
dogs and cats
Source: Lamont L.A., Mathews K.A. 2007. Opioids, nonsteroidal anti-inflammatories, and analgesic adjuvants. In:

Lumb and Jones’ Veterinary Anesthesia and Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds.
Ames, IA: Blackwell Publishing, p. 259.



NSAID® Indication Species, dose, route Frequency

Ketoprofen Surgical pain Dogs, =2.0 IV, SC, IM, PO Once

Cats, =2.0 SC Once
then dogs and cats, =1.0 g 24 hours
IV, SC, IM, PO
Deogs and cats, <2.0 PO
Chronic pain then =1.0 Once
Meloxicam Surgical pain Dogs, =0.2 IV, SC Once
then =01 IV, SC, PO q 24 hours
Chronic pain Dogs, =0.2 PO Once
then =0.1 PO q 24 hours
Surgical pain ~ Cats, =0.2 5C, PO Once
then =0.1 SC, PO lean q 24 hours for 2-3days
weight
Chronic pain®  Cats, =0.2 SC, PO Once

then =0.1 PO lean weight g 24 hours for 2-3days
then 0.025 PO or (0.1 mg/ 3-5 x weakly
CAT max) lean weight

Carprofen Surgical pain Dogs, =4.0 IV, SC, IM Once at induction
then =2.2 PO Repeat q 12-24 hours
Cats, =1.0 SC lean weight Once at induction only
Chronic pain Dogs, =2.2 PO q 12-24hours
Robenacoxib Surgical and Dogs, =1 PO, SC q 24 hours

chronic pain Cats, 1 PO up to 3 days
Tolfenamic acid Acute, chronic  Dogs and cats, =4 SC, PO q 24hours for 3days, 4days off,

pain then repeat cycle
Firocoxib Chronic pain Dogs, 5.0 PO q 24 hours
Flunixin Surgical pain Dogs, =1.0 IV, SC, IM Once
megluming Cats, 0.25 SC q 12-24hours PRN x 1 or 2 doses
Pyrexia Dogs and cats, 0.25 SC g 12-24hours PRN = 1 or 2 doses
Ophthalmologic Dogs, 0.25-1.0 SC, IM q 12—24hours PRN x 1 or 2 doses
procedures
Ketorolac Surgical pain Dogs, 0.3-0.5 IV, IM g 8—12hours x 1 or 2 doses
Cats, 0.25 IM g 12hours x 1 or 2 doses
Panosteitis Dogs, 10-mg total dose in - q 24hours for 2-3days

dogs =30kg PO, 5-mg
total dose in dogs
»20kg <30kg PO

Deracoxib Surgical pain Dogs, =3-4 PO q 24 hours for 3—7 days
Chronic pain Dogs, =1-2 PO q 24 hours
Tepoxalin Chronic pain Dogs, 10 PO q 24 hours
Piroxicam Inflammation of Dogs, 0.3 PO q 24hours x 2 doses then g
the lower 48hours
urinary tract
Acetaminophen Acute, chronic  Dogs, 15 PO q 8hours
pain (contraindicated in cats)
Aspirin Acute, chronic  Degs, 10 PO q 12hours
pain

4 See the text for details on contraindications for use.

b Repeated dosing of meloxicam to cats is specifically not recommended by the manufacturer.

CAT max, maximal dose in cats; IM, intramusculary; IV, intravenously; NSAID, nonsteroidal anti-inflammatory drug; PO, per os
(orally); PRN, as necessary; SC, subcutaneously.

Carprofen
Although classified as an NSAID, carprofen administration to beagles did not inhibit PGE,,12-



hydroxyeicosatetraenoic acid, or TXB, synthesis in an experimental study using subcutaneous

tissue cage fluids. It was concluded that the principle mode of action of carprofen must be by
mechanisms other than COX or 12-L.OX inhibition. However, more recent studies indicate that
it is a COX-2 preferential NSAID. Carprofen is approved for perioperative and chronic pain
management in dogs in Australasia, Europe, and North America. Carprofen is approved for
single-dose, perioperative use in cats in Europe. Antithromboxane activity is minimal,
suggesting that induced coagulopa-thy may not be a problem in patients with intact hemostatic
mechanisms.

Acute hepatotoxicity and death after carprofen administration have been reported among
dogs with previously reported normal liver function (with Labrador retrievers highly
represented). The potential for hepatotoxicity appears to be a general characteristic of NSAIDs
and not specific to any one product. Carprofen provides good analgesia from 12 to 18 hours
after a variety of orthopedic procedures. In cats undergoing ovariohysterectomy, carprofen
administration provided profound analgesia between 4 and 20hours postoperatively.

Ketoprofen

Ketoprofen is approved for treatment of postoperative and chronic pain in both dogs and cats
in Europe and Canada. As ketoprofen is an inhibitor of both COX-1 and COX-2, adverse
effects are a potential problem requiring careful patient selection. Although several studies
using ketoprofen preoperatively indicate its effectiveness in controlling postoperative pain, a
general consensus among practitioners has restricted its use primarily to the postoperative
period to reduce the potential for hemorrhage. Keto-profen should not be administered to
patients with risk factors for hemorrhage. It is often administered to animals immediately after
orthopedic procedures (e.g., fracture repair, cruciate repair, or onychectomy); however, it is
advised to restrict administration after laparotomy or thoracotomy until such time that
hemorrhage is not a concern and when intracavitary drainage tubes have been removed.

In a study investigating the efficacy of NSAIDs in controlling postoperative pain, ketoprofen
conferred a very good to excellent analgesic state for up to 24hours when compared with
butorphanol. Ketoprofen administration has also been suggested for management of pain
associated with HOD and panosteitis in dogs. Gastroprotectants should be coadministered.
Occasional vomiting may be seen when ketoprofen is administered chronically.

Etodolac

Etodolac is a COX-2-preferential NSAID approved in the United States for oral use in dogs
for the management of pain and inflammation associated with osteoar-thritis. Most adverse
effects appear to be primarily restricted to the gastrointestinal tract. However,
keratoconjunctivitis sicca (KCS) has been reported following etodolac administration to dogs;
and its use has been limited.

Robenacoxib, deracoxib, and firocoxib




The coxib-class COX-2-specific inhibitors are approved in the United States and Canada for
control of postoperative pain and inflammation associated with orthopedic surgery and chronic
osteoarthritic pain in dogs. Robenacoxib is approved for use in dogs in Europe, but it is
currently the only coxib-class NSAID approved for use in the cat. Robenacoxib is approved
for up to 3 days of oral administration to cats in the United States and up to 6 days in Europe. It
has a relatively short half-life which should limit drug accumulation with repeated dosing. The
coxib class of NSAIDs was originally marketed as being more gastroprotective in human
patients when compared with the less COX-1-sparing NSAIDs such as aspirin. However, more
recent findings and large-scale usage in human patients have indicated that the coxib class of
NSAIDs does not guarantee gastroprotection. In a more recent canine study comparing the
gastrointestinal safety profile of licofelone (a dual COX-LOX inhibitor) with rofecoxib (a
similar coxib-type COX-2 inhibitor to deracoxib and firocoxib), rofecoxib was found to
induce significant gastric and gastroduodenal lesions.

Tepoxalin

Tepoxalin is a COX-1, COX-2, and LOX inhibitor of varying degrees with efficacy
comparable to meloxicam or carprofen and safety comparable to placebo. Tepox-alin has been
approved for management of osteoarthritic pain in dogs. The safety profile of tepoxalin
showed no difference from that of placebo when administered prior to a 30-minute anesthesia
period and a minor surgical procedure in dogs.

Tolfenamic acid

Tolfenamic acid is approved for use in cats and dogs in Europe and Canada for controlling
acute postoperative and chronic pain. The dosing schedule is 3 days on and 4 days off, which
must be strictly adhered to. Reported adverse effects are diarrhea and occasional vomiting.
Tolfenamic acid has significant anti-inflammatory and antithromboxane activity, so
posttraumatic and surgical hemostasis may be compromised during active bleeding after
administration of this NSAID.

Vedaprofen

The oral form is approved for use in dogs in Europe and Canada. The parenteral form is
approved for use in horses in Europe and North America and has very similar pharmacokinetic
and pharmacodynamic properties to those of ketoprofen.

Ketorolac

Ketorolac, which is a COX-1 and COX-2 inhibitor, is not approved for use in veterinary
patients, but is included for the benefit of those working in the research setting where the
availability of ketorolac is more likely than other NSAIDs. Ketorolac is comparable to
oxymorphone in efficacy and to ketoprofen in duration and efficacy in managing
postlaparotomy and orthopedic pain in dogs. Only one to two doses should be administered to




dogs or cats. Ketorolac has been used successfully for treatment of severe panosteitis in dogs
where all other therapies had failed. It is recommended that ketorolac be administered with
food or gastroprotectants to decrease the incidence of gastric irritation (which is relatively
common).

Piroxicam

Piroxicam is not approved for use in veterinary patients, but has proven valuable for its anti-
inflammatory effects on the lower urinary tract in dogs with transitional cell carcinoma or
cystitis and urethritis. The administration of gastroprotectants is often recommended.

Acetaminophen

Acetaminophen is a COX-3 inhibitor with minimal COX-1 and COX-2 effects. It is not
approved for use in veterinary patients. It should not be administered to cats because of
deficient glucuronidation of acetaminophen in this species. It may be administered to dogs as
an antipyretic and analgesic for mild pain and can be used in combination with opioids for a
synergistic analgesic effect or opioid-sparing effect. When prescribed as an individual drug it
can be coadministered with an opioid (this approach allows more flexibility in dosing of the
opioid), or it can be dosed in a proprietary combined formulation with an opioid (e.g., codeine
plus acetaminophen, or oxycodone plus acetaminophen).

Aspirin

Aspirin, which is primarily a COX-1 inhibitor, is most commonly used as an analgesic for
osteoarthritic pain in dogs. It is also available in proprietary combinations with various
opioids (aspirin plus codeine, or aspirin plus oxycodone) to achieve a synergistic effect for the
treatment of moderate pain. It is also used as an antipyretic and anticoagulant in dogs and cats.

Dipyrone

Dipyrone, which is a COX-3 inhibitor, is approved for use in cats and dogs in Europe and
Canada. It should be given intravenously to avoid the irritation experienced when given
intramuscularly. The analgesia produced is not usually adequate for moderate to severe
postoperative pain, and dipyrone is reserved for use as an antipyretic in cases where other
NSAIDs are contraindicated. Nephrotoxicity or gastric ulceration is not a major concern in the
short term even in critically ill patients. Dipyrone administration induces blood dyscrasias in
human patients, but this has not been reported in animals.

Analgesic adjuvants

Analgesic adjuvants are defined as drugs that have primary indications other than pain, but that
possess analgesic actions in certain painful conditions. This definition encompasses a very
diverse group of drugs and distinguishes the analgesic adjuvants from the so-called traditional



analgesics, which include the opioids, the NSAIDs, and the local anesthetics. It is only recently
that analgesic adjuvants have begun to be used in veterinary medicine, and most therapeutic
recommendations have been extrapolated from experience with human patients and
subsequently applied to companion animals.

As the name implies, these agents are typically coadministered with the traditional
analgesics. They have been used most often in the management of chronic pain states; however,
their use in acute pain settings is increasing, and certain adjuvant agents have become common
analgesic supplements during the perioperative period. In the chronic pain setting, the adjuvant
analgesics are administered (1) to manage pain that is refractory to traditional analgesics, (2)
to enable the dose of traditional analgesics to be reduced in order to lessen side effects, and
(3) to concurrently treat a symptom other than pain. In some clinical settings, such as chronic
neuropathic pain syndromes, adjuvant analgesics have become so well accepted that they are
administered as the first-line therapy in human patients.

When contemplating administration of an adjuvant analgesic, veterinarians must be aware of
the drug’s clinical pharmacology and its particular use in patients with pain. The following
information about the drug is necessary: (1) approved indications, (2) unapproved indications
(e.g., for analgesia) that are widely accepted in veterinary medical practice, (3) common side
effects and uncommon but potentially severe adverse effects, (4) important pharmacokinetic
features, and (5) specific dosing guidelines for pain.

Table 3.3. Dosage ranges (milligram per kilogram) for analgesic adjuvants in selected
domestic species

Source: Lamont L.A., Matthews K.A. 2007. Opioids, nonsteroidal antiinflammatories, and analgesic adjuvants. In:
Lumb and Jones * Veterinary Anesthesia and Analgesia, 4th ed. W.J. Tranquilli, J.C. Thurmon, and K.A. Grimm, eds.
Ames, IA: Blackwell Publishing, p. 263.

Analgesic adjuvant | Dogs Cats
Ketamine 0.5 IV loading dose 0.5 IV loading dose
0.1-0.5/h IV CRI 0.1-0.5/h IV CRI

Dexmedetomidine 0.001-0.015 1V, IM 0.0025-0.02 IV, IM

Gabapentin 2-10 PO q8-12 hours [2-10 PO q8-12 hours
Amantadine 3-5 PO q 24 hours 3-5 PO q 24 hours
Tramadol 2-10 PO q 12-24 hours | ?

CRI, continuous rate infusion; IM, intramuscular(ly); IV, intravenous(ly); PO, per os (orally); ?, reliable doses have not been
established for this species.

Numerous drugs may be considered as analgesic adjuvants in veterinary medicine today.
Some of these, such as ketamine and the alpha, agonists, are familiar to practitioners, whereas

others have not been used historically in veterinary medicine. Much of the evidence
substantiating the use of these agents comes from laboratory animal research, clinical trials in
humans, or anecdotal reports in human or animal patients. The following section briefly
reviews the current state of knowledge regarding selected analgesic adjuvants in veterinary
medicine (see Table 3.3 for recommended dosages).



Ketamine

Ketamine is a dissociative anesthetic used for decades in veterinary medicine. More recently,
it has been recognized as an NMDA receptor antagonist and, at very low doses, can contribute
substantially to analgesia by minimizing CNS sensitization.

Alphap adrenergic agonists

Xylazine and, more recently, medetomidine, dexmedetomdine, and romifidine, have been used
extensively to provide sedation in a variety of veterinary species. Medetomidine and
dexmedetomidine in particular have considerable analgesic potential, even in microdoses, and
can be administered via a number of novel routes and techniques to supplement analgesia and
enhance the analgesic actions of other agents.

Gabapentin

Gabapentin is a human antiepileptic drug that has been approved by the U.S. Food and Drug
Administration since 1993. Several years later, reports of its antihyperalgesic effects in rodent
experimental pain models, as well as case reports and uncontrolled clinical trials involving
human patients suffering from neuropathic pain, began to appear in the literature. Gabapentin’s
mechanism of analgesic action is unknown, but there is evidence suggesting it is a voltage-
dependent Ca®" channel blocker and may increase central inhibition or reduce the synthesis of
glutamate, even though it does not appear to interact directly with NMDA receptors.

Despite the lack of controlled data available at this time, gabapentin administration has been
advocated for the management of a variety of human neuropathic pain syndromes and more
recently for management of incisional pain and arthritis. In human clinical trials, side effects
occur in approximately 25% of patients, are usually mild and self-limiting, and include
drowsiness, fatigue, and weight gain with chronic administration. Dosing guidelines in dogs
and cats have been extrapolated from human dosing recommendations and some preliminary
pharmacokinetic data. Dosage modifications are often based on the clinical efficacy achieved
in individual veterinary patients.

Amantadine

Amantadine is an antiviral agent developed to inhibit the replication of influenza A in human
patients. It has efficacy in the treatment of drug-induced extrapyramidal effects and in the
treatment of Parkinson’s disease. More recently, amantadine has been advocated for the
treatment of various types of pain. It exerts its analgesic effects through antagonism of NMDA
receptors in a manner analogous to ketamine. Though controlled clinical human trials are
lacking, amantadine seems most efficacious in the management of chronic neuropathic types of
pain characterized by hyperalgesia and allodynia. Patients suffering from opioid tolerance may
also respond favorably to amantadine therapy. Dosing recommendations are based largely on
anecdotal reports; however, a 2008 study by Lascelles et al. demonstrated improved activity in



dogs with NSAID-refractory osteorarthritis when added to meloxicam. As the management of
chronic pain in companion animals continues to receive much attention, amantadine and other
drugs with a similar mechanism of action are likely to become more prevalent.

Tramadol

Tramadol is a synthetic codeine analog that is a weak p-receptor agonist. In addition to its
opioid activity, tramadol also inhibits neuronal reuptake of norepinephrine and 5-
hydroxytryptamine (serotonin), and may actually facilitate 5-hydroxytryptamine release. It is
thought that these effects on central catecholaminergic pathways contribute significantly to the
drug’s analgesic efficacy. Tramadol is recommended for the management of acute and chronic
pain of moderate to moderately severe intensity associated with a variety of conditions,
including osteoarthritis, fibromyalgia, diabetic neuropathy, neuropathic pain, and even
perioperative pain in human patients.

A study published in 2003 compared the effects of intravenous tramadol and morphine
administered prior to ovariohysterectomy in dogs. Tramadol was comparable to morphine in
its analgesic efficacy for this type of surgical pain. Clearly, additional studies are necessary
before definitive therapeutic recommendations can be made for the management of
perioperative pain in a variety of species. Anecdotal reports of managing chronic pain in dogs
and cats with tramadol when NSAID usage is contraindicated are widespread. Because of its
inhibitory effect on 5-hydroxytryptamine uptake, tramadol should not be used in patients that
may have received monoamineoxidase inhibitors (MAOIs) such as selegiline (see also the
section on meperidine), patients on selective serotonin reuptake inhibitor (SSRI), or in those
patients with a recent history of seizure activity.

Tapentadol

Tapentadol is a multimodal analgesic approved for use in human patients experiencing pain. It
has significant noradrenergic effects as well as opioid actions. Its use in veterinary medicine
has not been reported to date, but it holds promise as an alternative to tramadol in animals that
are intolerant. The disadvantages to its use at this time are considerable expense and its status
as a controlled substance.

Acupuncture and traditional Chinese medicine

A veterinarian’s training often leads to skepticism of Eastern traditional medical practices
because of the apparent conflicts with Western scientific methodology and the feeling that
Eastern medical practice is somewhat faith based. It is important that novices to traditional
Chinese medicine (TCM) understand that much of the theory and vocabulary, although similar
to Western terminology, have little direct correlation. Much of the practice of TCM developed
before the advent of Western medical science and publication of medical textbooks, so a
simplified method had to be devised for the practice of TCM based on diagnostic and



treatment strategies observable on the external surfaces of the body. Consequently, it is best to
think of the description of acupuncture points and TCM diagnostics as metaphors or teaching
aids rather than as anatomical or pathophysiological correlates to Western medicine.

Treatment strategies have evolved over millennia of trial and error in many species and
represent a consensus among TCM practitioners as to what is effective. Current Western
medical teaching is that TCM is complementary to Western medicine rather than an alternative
to it. Acupuncture is traditionally viewed as one treatment modality among several used by
TCM practitioners.

Most Western acupuncture charts show transpositional acupuncture points and meridians on
animals, meaning the points are adapted from anatomical correlates on the human body. This
creates some interesting adaptations, since animal anatomy varies from humans. Some
acupuncturists prefer to use the points described for animals in the early Chinese veterinary
texts. These may or may not be aligned with modern points. They are difficult for many
Westerners to learn because the names are in Chinese and often describe the anatomy in terms
of natural objects (rivers, branches, etc.). Some acupuncturists only use points located on the
distal limbs. These are often referred to as Ting points and are the ends of the meridians and
are usually extremely painful when needled (like sticking needles under fingernails), so they
would be expected to produce a pronounced response.

Any patient being treated with acupuncture should be evaluated using the standards of care
established for Western-based veterinary medicine. This includes a thorough physical
examination, chest auscultation, blood work if necessary, and any other diagnostics that are
required. Failure to maintain this standard of care could lead to malpractice. Acupuncture is
often used in conjunction with Western treatments such as surgery or pharmacological therapy.
It is recommended that written refusal of a Western-based standard of care be obtained from
clients who seek to use acupuncture exclusively. Such clients have caused much concern and
ethical debate among veterinarians.

History

Interest in acupuncture surged in the United States in the early 1970s, in part because James
Reston, a New York Times reporter covering President Richard Nixon’s trip to China,
developed acute appendicitis. After his postoperative pain was treated with acupuncture, he
described his experience on the front page of the newspaper, igniting an interest in acupuncture
in the Western medical community. Subsequently, American and European physicians visiting
China witnessed surgeries in which the only anesthetic used was acupuncture. A number of
articles in newspapers and magazines about the use of acupuncture instead of general
anesthesia followed. Basic research on acupuncture’s mechanisms in Western societies started
in 1976 after the endorphin hypothesis of acupuncture’s mechanism of action was introduced.
Further advancement of acupuncture research was prompted by the introduction of functional
magnetic resonance imaging (fMRI) and positron emission tomographic scanning, which
revealed the relation between acupuncture stimulation and activation of certain brain



structures. Interest in the United States led the National Institutes of Health to create the
National Center for Complementary and Alternative Medicine (NCCAM), which has funded
basic and clinical acupuncture studies.

In 1997, the World Health Organization issued a list of human medical conditions that may
benefit from treatment with acupuncture. Applications include prevention and treatment of
postoperative and chemotherapy-associated nausea and vomiting, treatment of pain, therapy for
alcohol and other drug addiction, treatment of asthma and bronchitis, and rehabilitation from
neurological damage such as that caused by stroke. Scientific information on the effectiveness
of acupuncture for veterinary disorders is limited. The effectiveness of treatment is based on a
consensus among veterinarians commonly performing acupuncture in specific species.

Skepticism about the effectiveness of acupuncture therapy in humans and animals remains
among some Western medical practitioners. Some factors contributing to this skepticism are:
(1) the scientific basis of acupuncture remains unclear, (2) the philosophical basis of
acupuncture is difficult for a modern industrial society to accept, (3) the operational language
is unusual, and (4) the traditional system of acupuncture points does not correspond to Western
concepts of anatomy or neurology. Moreover, traditional Chinese acupuncture remains a mix of
philosophy and science and teaches that many factors can profoundly influence the outcome of
the treatment. In addition to the signs related to the disease, a practitioner might consider a
patient’s gender and psychological profile, the season, the time of the day, and even the
environment in which the treatment is administered. Because of these differences, it is believed
that the efficacy of interventions may differ substantially among patients with similar
symptoms, and thus it is difficult to standardize procedures. Scientific exploration of these
factors remains limited.

Another problem associated with acupuncture studies is defining an adequate placebo as a
control intervention for them. Some trials compare acupuncture with drugs, and others use
sham acupuncture (acupuncture at random spots on the body surface that are thought to be
inactive). There is substantial controversy, however, about the use of sham acupuncture as a
control treatment because the procedure itself can provide neurohormonal and clinical effects,
though usually of lower effectiveness compared with treatment at defined acupuncture points.

Basic concepts

The theory of TCM, of which acupuncture is one part, is complex and beyond the scope of this
review. Unlike Western biomedical science, TCM does not make a distinction between
physical, mental, and emotional components of life. Moreover, it considers a being as an
integral part of the universe. It is believed that everything within the universe, including
animals, obeys the same laws. Therefore, health and disease result from balance or imbalance.

Organs and meridians

Most modern acupuncture schools teach meridian theory. However, early practitioners (and
some modern practitioners) do not recognize meridians or do not agree on their path.



Meridians are most useful in remembering locations of points, although they are used in
developing treatment protocols. Meridians were identified based on observations in a small
percentage of people who are extremely sensitive to acupuncture. A meridian can describe the
course of a tingling or burning sensation along a path that roughly corresponds to the meridian.
Most of the meridians are not obviously associated anatomically with nerve pathways,
although many of the relationships observed seem to be explained by the way peripheral
nerves enter the spinal cord and neural pathways converge in the brain. For example, many
people that have heart attacks describe a pain across the chest and down the arm. The heart
meridian courses down the chest and arm. The pain (origin in the heart muscle) is felt in the
arm because some of the afferent fibers enter the spinal cord near the location of afferents from
the thoracic limb. Other observations indicate that distant areas of the body have
complementary effects because many areas in the somatosensory cortex of the brain colocalize.
Associations between internal organs and meridians (and superficial points) are very common
and make sense if the concept of referred pain is understood.

The theory of traditional Chinese acupuncture recognizes 12 main meridians with
corresponding organs in the human body. In addition, eight so-called curious meridians can be
distinguished. Most acupuncture “organs” have names similar to organs of Western medicine
but only an approximate correlation with physiological functions and anatomical structures.
Organs, as seen in ancient Chinese traditions, are functional systems rather than anatomical
structures, with broader and sometimes peculiar physiological functions and anatomical
representations. For example, two traditional acupuncture organs, namely “triple warmer” and
“pericardium” (“heart governor”), do not have a distinct anatomical representation at all. All
meridians and organs are connected and related to one another directly or indirectly according
to various rules and principles:

e Fach organ has a corresponding meridian with acupuncture points located along it.

e Meridians travel inside the body and on the body’s surface and are connected to one
another and organs by a complex network of accessory collateral connections.

e The function of the meridians is to regulate and modify the corresponding organ or
group of related organs. It is believed that meridians can control pain along the areas
they traverse.

Points

In Chinese acupuncture, points are called xue, which means “cave” or “hole.” In Chinese
acupuncture tradition and language, the names of points are important and informative. Western
acupuncture practitioners rarely use Chinese names because of unfamiliarity with the Chinese
languages. Instead, the points are identified by number and capital letter abbreviation of the
meridian to which they belong: 365 classic points are located along the meridians and at least
the same number of extrameridian points. The exact location of the points is important, because
according to classic theory, even small deviations from the intended location can nullify the
response. The distance of acupoints to anatomical landmarks is usually described as cun.



Investigation into the anatomy and physiology of acupuncture points has resulted in a
hypothesis that most recognized acupuncture points coincide with tissues that are capable of
eliciting a strong neurohumoral response when irritated. These include nerves, neurovascular
complexes, Golgi tendon apparatuses, and other sensitive tissues. Stimulation of these tissues
might cause acute and intense irritation that triggers endogenous analgesic, immune, and
behavior-adapting systems to be activated, resulting in the clinical effectiveness of
acupuncture.

Several factors have been associated with precise location of acupuncture points:

e Points are located in a small hollow or depression on the skin surface.

e Acupuncture points are usually tender compared with the surrounding area, and a
response (probably associated with discomfort) can often be elicited with deep
palpation. Human patients describe a feeling of slight pain or numbness radiating
circum-ferentially for at least a centimeter when the point is pressed.

e A subjective roughness or stickiness can be appreciated when an acupuncture point is
brushed slightly with the finger.

e A specific feeling called the De-Qi sensation is usually felt by human patients, and
the acupuncturist feels a change in the resistance to needle movement, when a needle
stimulates an acupuncture point.

In humans, the De-Qi sensation may be described as soreness, numbness, warmth, heaviness,
or distension around the area where a needle is inserted. Sometimes this sensation radiates
along the pathway of the meridian to which the stimulated point belongs. An experienced
practitioner also feels tightness and some heaviness in the fingers when the needle hits the
point. This change in needle resistance coupled with the animal’s reaction to needle placement
is what most veterinary acupuncturists rely on to assess the attainment of De-Qi sensation.
Most human and veterinary acupuncturists consider De-Qi sensation to be crucial in achieving
the effect of acupuncture.

The descriptions of the diameter and depth of acupuncture points vary among various
species. Traditionally, the size depends on the individual point, the patient’s condition, the time
of day, and possibly the season. The depth depends on the amount of hair on the patient, skin
thickness (e.g., the thin skin of cats vs. the rather thick skin of stallions), location of the point,
and duration of the disease. In veterinary acupuncture, most clinically used points in most
species are believed to be 3—15mm below the skin surface.

Point stimulation

Traditional Chinese acupuncture teaches that each point has specific functions and indications
for use. For example, stimulation of certain acupuncture points distant from the source of pain
can provide analgesia, whereas stimulation of inappropriately selected points in close
proximity to the source of pain might be ineffective or even aggravate the symptoms.
Stimulation of site-specific acupoints usually induces spatially restricted analgesia. Although
this aspect of acupuncture has yet to be studied in detail, Benedetti et al. demonstrated that in



people, placebo or treatment expectation provides an analgesic response with a highly spatial
presentation, which is completely abolished by systemic naloxone administration. These data
indicate that this type of analgesic response is mediated by endogenous opioid release but that
the effect is regional rather than systemic. Acupuncture might manifest a similar mechanism of
action. Point specificity was also questioned in an fMRI study by Cho et al., where meridian
and sham acupuncture were both involved in the transmission and perception of pain. Meridian
acupuncture demonstrated more profound pain control than did sham-point stimulation, but the
effect may not have been entirely point specific. Point specificity, as stated in traditional
acupuncture literature and demonstrated by clinical practice and some experimental studies, is
not fully supported by other studies and therefore remains a controversial issue. For any
species being treated with acupuncture therapy, only careful systematic research using site-,
organ-, and function-specific acupuncture points with carefully selected sham control points
can resolve this issue.

Mechanisms of analgesic action

Starting in the 1960s, Western-trained Chinese physicians began to study acupuncture
analgesia, particularly acupuncture-induced physiological changes in the CNS. This, and
subsequent research in Western countries, resulted in the discovery of several plausible
mechanisms of acupuncture analgesia, receptors, and several endogenous opioids involved in
the process; hence, a comprehensive hypothesis of acupuncture analgesia was formed.
Experimental studies on animals and clinical studies on humans have since identified numerous
clinical and physiological responses to acupuncture stimulation.

Types of acupuncture

Invasive methods include skin penetration with an acupuncture needle with subsequent manual
stimulation of needles, electroacupuncture, or chronic intradermal needle insertion. These
methods are considered dry needle techniques. Drugs can be injected into acupoints, a
technique considered as wet needle acupuncture or aquapuncture. Noninvasive methods
include acupressure, transcutaneous electrical stimulation, moxibustion, and application of
various stimulating patches and pellets.

Because the traditional theory of acupuncture is based on the concept that diseases are
caused by an imbalance of Qi, the goal of needle insertion is, in the context of TCM, to
disperse excessive Qi or to replenish it. These two goals can be achieved by several means:
applying needles of different sizes or lengths, using needles made of different material,
changing the direction of needle insertion, selecting different points for stimulation, and so
forth. For strong stimulation, a bigger needle, more intense needle manipulation, or directing
the needle tip against the hypothetical energy flow along the meridian is believed to disperse
the excessive energy, whereas for mild stimulation, a smaller needle, gentle and more
superficial needle insertion, or directing the needle toward the energy flow is used to replenish
it. Manual stimulation techniques can be altered to provide the desired effect by using strong



vertical up-and-down movements, rotational movements, or mild vibrating movements, for
example. Some practitioners believe that selecting the proper acupuncture maneuvers and
appropriate points is key to producing a satisfactory therapeutic effect.

Electrical stimulation

Electrical stimulation of acupuncture points (electroacupuncture) was developed as an
alternative to manual stimulation of acupuncture points. Electrical stimulation has several
advantages in that it (1) is less painful than manual stimulation, (2) requires less practitioner
time directly spent with the patient, (3) provides better analgesia, and (4) facilitates
standardization. Transcutaneous and percutaneous electrostimulation are now the most common
types of acupuncture analgesia performed in people.

In humans, the De-Qi sensation depends on the type of acupuncture stimulation. Manual
stimulation produces mainly soreness, fullness, and distension, whereas elec-troacupuncture
generally produces tingling and numbness. How various stimulation modalities influence brain
networks in companion animal species such as dogs and cats has not been evaluated.

Electroacupuncture with high-frequency stimulation (100-200 Hz) provides rapid-onset
analgesia that is not cumulative and cannot be blocked by naloxone. This type of analgesia is
probably mediated by norepinephrine, serotonin, and dynorphins. In contrast, low-frequency
stimulation (2—4Hz) and medium-frequency stimulation (15-30Hz) produce an analgesic effect
that is reversed by naloxone (and therefore presumably mediated by enkephalin and
endorphins), have a tendency to accumulate, and last at least 1 hour after treatment ceases.
Reportedly, antinociception induced by low-frequency stimulation is mediated by both p
opioid and 6 opioid receptors; high-frequency electroacupuncture stimulation induces
antinociception mediated by k opioid receptors; and medium-frequency stimulation (e.g., 30
Hz) induces antinociception mediated by all three opioid receptor types.

Needles

Most modern acupuncture needles are made of stainless steel, although needles made of gold
or silver are also available. Most acupuncture needles are between 1.3 and 12.7 cm long and
range from 26 to 36 gauge in diameter. The tips of the needles are rounded and thus separate
fibers rather than cutting tissues. For this reason, even capillary bleeding from an acupuncture
site is rare unless a needle accidentally penetrates a vessel. In the treatment of human patients,
special needles have been developed for intradermal use, auricular acupuncture, and hand and
foot acupuncture.

Veterinary acupuncture

Probably the most commonly treated species is the dog, although historically, equine
acupuncture was more widely used because horses were important for the daily survival of
people (similar to the history for Western veterinary medicine). Dogs tend to be cooperative,



and most relax during the treatment. If an animal becomes severely distressed, it is unlikely that
the treatment will have the desired effect. The most commonly treated problems are related to
the musculoskeletal system. It is important for beginners to recognize that pain and disuse in
many musculoskeletal diseases—especially chronic degenerative diseases, including low-
grade intervertebral disk disease—often wax and wane. This, coupled with the placebo effect,
would suggest that some of the patients treated (whether with acupuncture or NSAIDs) should
improve, at least for a while. One should be careful to not interpret a positive response as
possession of superior TCM skills. However, some scientific evidence supports the use of
acupuncture alone or in conjunction with other Western treatments such as NSAIDs. Other
common uses for acupuncture in canine patients include treatment of signs associated with
chronic diseases such as cancer, nervous system degeneration, and organ failure, such as
chronic renal disease. Unless functional tissue is present, reversal of the course of disease is
unlikely. Acupuncture cannot miraculously regenerate tissue. Owners should be educated on
what the treatment capabilities are of any form of therapy before administering it.

Owners should be informed about the complications and contraindications to treatment.
Complications are rare, but include infection, tissue or organ trauma, and needle breakage.
Acupuncture needles are extremely flexible and strong, so breakage is rare. It is more common
for hypodermic needles to break. An animal’s behavior can change after treatments, so owners
should be educated on what to expect. Some practitioners have suggested that acupuncture
treatment can be problematic in cancer patients. Increased blood flow and needle trauma might
spread cancer. However, many people find acupuncture useful for symptomatic treatment of
paraneoplastic conditions. Acupuncture-associated stress and physiological responses can
cause extremely ill animals to decompensate. It is suggested that very ill animals be treated
very conservatively at first until they can tolerate more aggressive treatment. Implants for
chronic acupoint stimulation (e.g., gold beads) should not be used when animals are subject to
prepurchase examinations (mostly horses). The beads will show up on radiographs and are
usually diagnostic for preexisting lameness. Pregnancy can be a contraindication to
acupuncture, because it is believed that stimulating points distal to the elbow and knee may
induce labor.

Application in a perioperative setting

Perioperative acupuncture and related techniques have been advocated for preoperative
sedation, to reduce intraoperative opioid use, and to decrease postoperative pain. There is
compelling evidence that acupuncture reduces postoperative nausea and vomiting in human
patients, and it has been used to decrease vomiting associated with opioid administration to
dogs. It may also stabilize cardiac function and ameliorate some consequences of anesthesia
and surgery.

Perioperative acupuncture can be divided into three components: preoperative preparation,
intraoperative acupuncture-assisted anesthesia, and postoperative care.



Preoperative preparation

The goals of preoperative preparation with acupuncture are to optimize the conditions for
patients, reduce preoperative anxiety, and trigger release of endogenous opioids to enhance
analgesia. One way that acupuncture might help preoperative preparation is by producing
relaxation and sedation. For example, Ekblom et al. demonstrated that although acupuncture
did not produce intraoperative and postoperative analgesia for dental surgery in humans, it
caused significant relaxation and drowsiness. Ulett et al. reported that electroacupuncture to
classic acupoints is associated with a deep calming effect. In people, postoperative pain
intensity and consumption of postoperative analgesics both correlate with the amount of anxiety
that patients experience.

Intraoperative assisted anesthesia

Reduction in volatile anesthetic or opioid requirement is a clinically important outcome
because it can reduce anesthetic toxicity and duration of recovery. Evidence suggests that
inadequately treated pain, even during general anesthesia, activates nociceptive pathways.
Subsequent release of local mediators then primes the nociceptive system and aggravates
postoperative pain. To the extent that intraoperative acupuncture inhibits activation of
nociceptive pathways and provides analgesia, it may similarly reduce postoperative pain and
the requirement for postoperative opioids.

It is important to emphasize that acupuncture does not provide true anesthesia or
unconsciousness, because it preserves all normal sensory, motor, and proprioception
sensations. It does not provide adequate muscle relaxation or suppress autonomic reflexes
caused by intra-abdominal visceral pain. Instead, acupuncture produces analgesia and sedation
as long as patients are cooperative. For these reasons, acupuncture cannot be recommended for
use as a sole anesthetic technique in veterinary patients.

Postoperative pain control

Acupuncture and related techniques can potentially serve as important adjuvants for pain
control and for relieving opioid-related adverse effects during the postoperative period.
However, controversial results, dissimilar study designs, and diverse modes of acupuncture-
point stimulation make it difficult to evaluate the clinical importance of perioperative
acupuncture analgesia across a wide array of species. The results of few randomized,
controlled clinical trials on acupuncture--elated postoperative pain relief have been published
in English. Interpretation of these available studies is complicated by the fact that acupuncture
success depends on numerous factors, including adequate patient selection and the
acupuncturist’s knowledge and skill level.

As previously mentioned, in human patients, point selection and mode of stimulation perform
important roles in the outcome of acupuncture for postoperative pain relief. It seems that
different components of postoperative pain respond to different combinations of acupuncture
points. Shu points of the internal organs are located bilaterally 3 cm lateral to the posterior



midline. Shu points are associated with the viscera and traditionally have been used for
treatment of internal organ diseases. Stimulation of these points may alleviate pain associated
with visceral organ dysfunction.

Transcutaneous electrical nerve stimulation (TENS) near the incision site significantly
reduces postoperative pain. However, this treatment seems to be most effective for the
superficial cutaneous component of postoperative pain, leaving the deep visceral pain
component largely intact. It seems likely that high-frequency TENS near the incision site
mainly stimulates specific afferent nerve fibers instead of triggering endogenous opioid-
release mechanisms. Combining TENS and stimulation of viscera-associated Shu points in the
treatment plan is therefore promising for reducing postoperative superficial and deep visceral
pain, respectively.

Both high-frequency and low-frequency electroacupuncture at the Zusanli (ST 36) point
performed 20 minutes immediately before induction of anesthesia reduces morphine
consumption after abdominal surgery in human patients. This point is traditionally considered
effective for the treatment of abdominal disorders. The high-frequency acupuncture group had a
61% reduction in 24-hour patient-controlled analgesia morphine consumption. Pain scores
postoperatively did not significantly differ between groups, but cumulative morphine
consumption for the first 24 hours, number of patient-controlled analgesia demands, and
intervals for the first request for analgesic were significantly less in both the high-frequency
and low-frequency electroacupuncture groups. The aforementioned parameters were also
reduced in the sham acupuncture group compared with the control group, although they were
greater than in the acupuncture groups. This is not surprising because sham acupuncture seems
to have an analgesic effect in 40-50% of patients compared with 60—70% for real acupuncture
and 30-35% for placebo (control). The extrapolation or translation of human clinical trial
findings to veterinary patients is controversial, although similar responses and mechanisms of
action are plausible.

Acupuncture for the treatment of postoperative nausea and vomiting is one of its most
common and investigated uses in human patients. This application has not been adequately
assessed for use in animals during the perioperative period to date. Acupuncture may reduce
nausea and vomiting through endogenous [-endorphin release into the cerebral spinal fluid or
through a change in serotonin transmission via activation of serito-nergic and noradrenergic
fibers. The exact mechanisms have yet to be established.

Miscellaneous perioperative uses

Cardiopulmonary resuscitation

In a study using 35 dogs anesthetized with halothane, acupuncture reversed cardiovascular
depression induced by morphine and halothane. Acupuncture at point Jen Chung (GV 26)
significantly increased cardiac output, stroke volume, heart rate, mean arterial pressure, and
pulse pressure while simultaneously significantly decreasing total peripheral resistance and



central venous pressure. The authors concluded that stimulation of the GV 26 acupoint could be
helpful in resuscitating patients whose cardiovascular system is depressed by opioids and
volatile anesthetics.

GV 26 (also called Renzhong) is in the midline of the nasal philtrum, one-Ihird of the way
from the nose to the edge of the upper lip. The point is in the center of the horizontal line
joining the lower edge of the nostrils. GV 26 has many clinical uses, the best known being its
use in emergencies (coma, shock, apnea, anesthetic emergencies, drowning, etc.).

In human patients, the Neiguan (P 6) point has long been considered a primary point for
treatment of various cardiovascular diseases. It has been shown to be effective as an adjunct
therapeutic modality in conservative treatment of severe angina pectoris. Elec-troacupuncture
at Neiguan (P 6) was effective in maintaining the hemodynamics and cardiac contractility in
anesthetized open-chest dogs. Stroke volume and cardiac output were slightly increased
compared with the control group. The end-systolic pressure and end-systolic elastance
increased markedly in the Neiguan (P 6) acupuncture group. No analogous data support
acupuncture-induced cardiovascular benefits in human patients.

Impaired intestinal function

A major side effect of general anesthesia and opioid administration for postoperative pain
control is the impairment of intestinal function. To the extent that intraoperative and
postoperative acupuncture for pain relief decreases perioperative opioid consumption, it may
be beneficial for speeding postoperative recovery of intestinal function. Acupuncture treatment
has also been shown to promote postoperative recovery of impaired intestinal function after
abdominal surgery in people.

Rehabilitation therapy

Companion animal rehabilitation is a rapidly growing area aimed at improving supportive care
in veterinary patients. In the veterinary setting, rehabilitation is essentially akin to the human-
oriented profession of physical therapy. Similar to physical therapy, rehabilitation uses
physical and mechanical methods such as light, heat, cold, water, electricity, massage, and
exercise to improve function and reduce pain and morbidity in a variety of conditions,
including orthopedic and neurological disease. Other terms commonly used to describe
rehabilitation are physical rehabilitation, physical therapy, and physiotherapy. Because pain
and discomfort may be elicited by some techniques on occasion, therapists should be prepared
to administer an appropriate analgesic, if necessary. Advanced training and certification in
rehabilitation are available for certified veterinary technicians, physical therapists, and
veterinarians. Practice acts vary from state to state, with most requiring that animal
rehabilitation be supervised and in some cases implemented by a veterinarian.

Until recently, rehabilitation has not played an important role in the management of pain in
veterinary medicine. Standard postoperative care has focused on basic nursing and support



care, confinement, and pharmaceutical intervention. With the incorporation of rehabilitation
into overall supportive care and pain management, many patients are recovering sooner and
more completely from medical, surgical, and traumatic events. To date, however, the benefits
of nondrug therapies in the management of pain, including those of rehabilitation, have been
relatively undocumented in the veterinary literature. Similarly, the analgesic effects and overall
benefits of therapies such as acupuncture and electroacupuncture, acupressure, and TENS are
relatively undefined. Despite this lack of experimental scientific evidence for their efficacy,
clinical experience in veterinary patients suggests that the use of such therapeutic modalities in
conjunction with drug therapy can be beneficial. The desired clinical outcome is better control
of discomfort and reduction in the overall pharmacological requirement of patients.

Therapeutic modalities

Seven therapeutic modalities are used to decrease pain, reduce inflammation, and stimulate
normal healing responses in veterinary patients: (1) local hypothermia and hyper-thermia, (2)
passive range-of-motion activity, (3) massage, (4) therapeutic exercise, (5) hydrotherapy, (6)
ultrasound, and (7) electrical stimulation.

Local hypothermia

Local hypothermia therapy, or cryotherapy, entails the application of therapeutic cold to a
musculoskeletal tissue. Common forms of therapeutic cold include commercially available
reusable ice and gel packs, continuously circulating cold-water blankets, homemade ice packs
and towels, ice massage, and cold-water hydrotherapy. The application of local hypothermia is
indicated in the acute (<72 hours) postinjury period to ameliorate inflammation, irritation,
pain, swelling, and edema. The primary purported method of action of cryotherapy is via
vasoconstriction, which reduces arterial and capillary blood flow, thereby minimizing fluid
leakage and edema. Because cryotherapy also decreases enzyme activity and metabolism in
tissues, it is effective against local inflammation in periarticu-lar and articular tissues.
Analgesia is provided by alteration of sensory nerve conduction and skeletal muscle
relaxation.

The cooling effects of local hypothermia on deeper tissues are less profound and
unpredictable, depending on the application method, the initial temperature of the treated area,
and the duration of treatment. Regardless, application of local hypothermia should be limited
to multiple short sessions (5—15 minutes up to four times daily) to prevent reflex vasodilation
and edema. Overzealous cryotherapy causing a 10.0°C (18.0°F) or more decrease in tissue
temperature may cause protein degradation, local hyperemia, epithelial and nerve damage, and
muscle atrophy and contracture. The use of local hypothermia should be avoided in
hypothermic animals. If body core temperature is further dropped, peripheral vasoconstriction
and increased blood pressure may ensue. Furthermore, cryotherapy is contraindicated in
people and presumably animals that have diabetes mellitus, ischemic injuries, vasculitis, or
indolent wounds.



Local hyperthermia

This technique uses heat to promote capillary dilation and increase capillary hydrostatic
pressure, permeability, and filtration. The cellular and vascular changes produced by heat also
stimulate inflammation and invigorate wound healing. Tissues treated with local hyperthermia
increase in temperature, which causes a local histamine release while simultaneously
enhancing cellular metabolism. Heat therapy provides pain relief by increasing blood flow and
capillary permeability, decreasing edema, increasing local metabolic rate, increasing
extensibility of collagen in articular and ligamentous tissues, and decreasing muscle tension
and spasm, as well as providing general relaxation.

Common forms of therapeutic heat used in veterinary medicine include the application of hot
packs, heat lamps, warm towels, warm-water blankets, therapeutic ultrasound, laser therapy,
circulating warm-water baths, and hydrotherapy units. The therapeutic protocol for heat is
similar to that for cryotherapy, with application durations varying from 15 to 20 minutes, two
to four times a day. Other types of less frequently used heat therapy include incandescent,
infrared, ultraviolet, and microwave radiation, all of which require special equipment and
training. As the primary method of action of heat therapy is inflammatory, local hyperthermia
should be used only once acute inflammation has subsided, typically 24—72 hours after injury
or surgery. Heat therapy is indicated to remove the inflammatory mediators and edema present
in the peri-injury site tissues. It is important to note that local hyperthermia has a narrow
therapeutic temperature window (40-45°C [104-113°F]) and warrants careful monitoring.
Care should be taken not to prematurely apply heat too soon after a traumatic injury, because
that can induce vascular leakage, exacerbate the inflammatory response, augment edema and
seroma formation, and potentiate hemorrhage and pain. Local hyperthermia has few indications
in the immediate postoperative period and should be combined with other forms of physical
therapy (massage or exercise) in the later stages of convalescence (>72 hours after surgery).
Therapeutic heat is also contraindicated in neurological or vascularly impaired patients. Direct
nerve injury from local hyperthermia and burns is possible, especially with prolonged
application or the use of electric heating pads.

Passive range of motion

Passive range of motion (PROM) exercise refers to the controlled movement of the limbs and
joints in flexion, extension, adduction, and abduction by the therapist with no effort being
exerted by the animal. The goals of PROM are to stretch and manipulate the periarticular
structures of the appendicular skeleton to maintain normal joint range of motion (ROM) while
preventing soft tissue and muscle contracture. Experimental evidence evaluating the effects of
prolonged immobilization and restricted weight bearing on canine cartilage reveals
chondrocyte atrophy and deterioration of the supportive matrix, which in many cases is
irreversible. In addition to direct benefits to cartilage, PROM improves blood flow and
sensory awareness of the affected joints and limbs. However, PROM is not a replacement for
normal weight bearing and the superior affects of voluntary active movement. In comparison to



PROM, active exercise produces superior cartilage, better prevents muscle atrophy, and
improves muscle strength and endurance.

PROM should be instituted immediately after surgery and continued until the patient begins
to ambulate within normal limits. If the animal has decreased ROM, as documented by
goniometry, the PROM exercises can be prolonged to improve the function of the limb.
Typically, PROM is performed with the animal in relaxed lateral recumbency. The joint or
joints are flexed or extended to their nonpainful end point and held for 10-30 seconds and
returned to a normal or functional standing position. These cycles are repeated for 10-15
complete cycles of flexion and extension. Caution should be taken not to overstretch the
periarticular tissues, because overzealous PROM may tear the joint capsule and surrounding
tissues and result in pain and unintentional fibrous scar formation. Contraindications to the use
of PROM include unstable fractures, luxations, hyper-motile joints, or skin grafts.

Therapeutic massage

This involves the manual or mechanical manipulation of soft tissues and muscle by rubbing,
kneading, or tapping. Benefits of massage include increased local circulation, reduced muscle
spasm, attenuation of edema, and breakdown of irregular scar tissue formation. The method of
action of this therapeutic technique is based on both reflexive and mechanical effects. The
reflexive effects are due to stimulation of peripheral receptors, which produces the central
effects of relaxation while simultaneously producing muscular relaxation and arteriolar
dilation. The mechanical effects are due to increased lymphatic and venous drainage removing
edema and metabolic waste, increased arterial circulation enhancing tissue oxygenation and
wound healing, and manipulation of restrictive connective tissue enhancing ROM and mobility.
The most common techniques of massage used in veterinary medicine are effleurage,
pétrissage, cross fiber, and tapotement. Effleurage (Latin, effluere, “to flow out”) is a form of
superficial or light stroking massage and is generally used in the beginning of all massage
sessions to relax and acclimatize the animal. Pétrissage is characterized by deep kneading and
squeezing of muscle and surrounding soft tissues. Cross fiber is also a deep massage that is
concentrated along lines of restrictive scar tissue and designed to promote normal ROM. This
type of massage has limited use in veterinary medicine because it requires sedation of the
animal during therapy and most often temporarily exacerbates lameness because of an
inflammatory response to the tissue manipulation. Tapotement involves the percussive
manipulation of soft tissues with a cupped hand or massage equipment and is most commonly
used to relax spastic muscle contraction or enhance postural drainage for respiratory
conditions. Contraindications to massage therapy include unstable or infected fractures or
tissue and the direct manipulation of a malignancy. In most instances, massage is an
indispensable therapy when animals are in intensive care and have restricted mobility.

Therapeutic exercise

The potential for catastrophic failure associated with uncontrolled activity has previously



limited the role of therapeutic exercise in the recovery of veterinary patients, particularly in
postoperative orthopedic animals. Controlled active therapeutic exercise, however, may be
safely performed in most cases, even orthopedic, when closely assisted and attended to by the
therapist or the attentive owner. The benefits of therapeutic exercise are abundant. Exercise
helps build strength, muscle mass, agility, coordination, and cardiovascular health. In addition,
therapeutic exercise may be used as a preventive measure to improve general health, reduce
obesity, and increase performance in all veterinary patients. Prior to initiating therapy, all
animals must be fully evaluated and assessed, because it is imperative to match the intensity of
the activities to the animal i level of function and ability. Included in the repertoire of
controlled active exercise are assisted standing; facilitated walking; prolonged, momentary,
and repeated sits and downs; stair walking; walking on inclines and hills; and weight shifting.
When performed appropriately and in consultation with the primary care clinician or surgeon,
these activities can be performed early in the postoperative recovery period and modified and
intensified to promote cardiovascular and musculo-skeletal fitness.

Aquatic-based rehabilitation

Aquatic-based therapeutic techniques for veterinary patients include local therapeutic massage
with warm or cold water, underwater treadmill exercise, and swimming. Massage in water is
particularly beneficial for postoperative animals because it is an efficacious method for
removing lymphedema from extremities. Water-based massage is also relaxing and effective
for cleansing surgical incisions. Cold-water hydrotherapy may be employed as soon as a
surgical incision has established a fibrin seal, which is generally within 24 hours of surgery.
This form of hydrotherapy is a relatively low-tech, high-yield form of rehabilitation in that it
requires little equipment, other than a washtub and a hose.

Increasing the water depth and the temperature to 30-32°C (86-90°F) provides a
nongravitation environment that is ideal for performing nonconcussive active-assisted exercise
such as underwater treadmill and swimming activity. The natural properties of water provide
both buoyancy and resistance, which can be manipulated to improve limb mobility, joint ROM,
gait, and cadence. Caution should be used with any water exercise in order to minimize the risk
of aspiration or drowning. It is wise to acclimatize animals to water before initiating any
therapy regimen.

Therapeutic ultrasound

The method of action of therapeutic ultrasound is based on the delivery of energy to tissue in
the form of acoustic vibrations. Sound waves can produce both physiological heat and cellular
inflammation. The net physiological effects of ultrasound may be divided into two categories:
thermal and nonthermal. The thermal effects of ultrasound increase connective tissue
extensibility and vascularity and provide a form of temporary nerve blockage, thus promoting
muscular relaxation and pain relief. The nonthermal effects of ultrasound include the
acceleration and compressing of the inflammatory phase of healing; an increase in local



circulation; a decrease in edema; an increase in endorphins, enkephalins, and serotonin; and
the stimulation of collagen synthesis and bone growth. Therapeutic ultrasound is primarily
indicated in the treatment of chronic scar tissue and indolent decubital ulcers. It may also be
effective for palliation of muscle spasms and for enhanced tendon healing. Contraindications
for the use of therapeutic ultrasound include tissue infection or inflammation. Prior to its
application, therapeutic ultrasound should be thoroughly investigated because there are a wide
variety of continuous-wave or pulsed-wave delivery modes, wave intensities, and therapy
regimens to choose from. Complications are associated with operator inexperience and error
that can produce excessive heat, free radicals, and subsequent tissue destruction.

Electrical stimulation

This entails the delivery of electrical current to a selected treatment area. Common uses for
electrical stimulation include muscle reeducation, pain palliation, and edema reduction. There
are a variety of waveforms and devices available, varying in cost and versatility. The
nomenclature is quite confusing and does little to improve one’s understanding of the
fundamentals of electrical stimulation. Essentially, however, there are two forms:
neuromuscular electrical stimulation (NMES) and TENS.

NMES is indicated in animals that are neurological, debilitated, recumbent, or immobile or
need prolonged joint immobility. It prevents disuse atrophy and improves limb performance by
recruiting contracting fibers and increasing maximum contractible force of affected muscles.
The electrical stimulation device consists of a simple pulse generator and electrodes, which
are placed over selected weakened or paralyzed muscle groups to create an artificial
contraction. Pulse amplitude, rate, and cycle length may be varied to suit the comfort of the
patient. Muscular pain and edema may also be reduced because of improved blood flow.
Combining neuromuscular stimulation with PROM exercises improves joint ROM and
prevents muscle contracture, and is particularly indicated in fractures of the distal femur of
young dogs. This technique has proven effective in promoting muscle reeducation after
prolonged disuse.

TENS has been used widely to identify neural stimulators that modify pain. Electrical
stimulation to alter pain sensation involves the application of an electrical current to a sensory
nerve. There are various suggestions as to the mechanism(s) responsible for altered pain
sensation: the gate control theory, which involves the increased activity of the sensory afferents
causing presynaptic inhibition of pain transmission; an endogenous opiate release; the
counterirritant theory; and the placebo effect. In most patients, altered pain sensation via TENS
is probably due, in part, to all of the aforementioned mechanisms. TENS should be considered
an adjunctive pain management modality, to be combined with other pain-management
techniques rather than as a sole therapy to control pain.

Revised from “Pain and Its Management” by Peter W. Hellyer, Sheilah A. Robertson, and
Anna D. Fails; “Opioids, Nonsteroidal Anti-inflammatories, and Analgesic Adjuvants” by
Leigh A. Lamont and Karol A. Mathews; “Acupuncture “by Roman T. Skarda and Maria
Glowaski; and “Rehabilitation and Palliative Analgesia “ by Dianne Dunning and Duncan



X. Lascelles in Lumb and Jones ‘ Veterinary Anesthesia and Analgesia, Fourth Edition.



Chapter 4

Chronic pain management

Duncan X. Lascelles and James S. Gaynor

General considerations

While the importance of acute perioperative pain management for dogs and cats has been
embraced by veterinarians in recent years, chronic pain management has lagged behind.
Barriers to effective chronic pain control in animals include the following:
¢ lack of appreciation that many chronic disease processes and cancers are associated
with significant pain (Table 4.1);
¢ inability to assess chronic pain in dogs and cats;
¢ lack of knowledge of drugs, drug therapy, and other pain-relieving techniques;
e lack of communication with clients and lack of involvement of clients in the
assessment and treatment phases;
e underuse of nursing staff for assessment and re-evaluation of pain in hospitalized
patients.
There are four main steps in overcoming these barriers and assuring that chronic pain
management is optimized in veterinary patients:
(1) Assure that veterinarians have the appropriate education and training about the
importance of alleviating pain, assessment of pain, available drugs and potential
complications, and interventional techniques.
(2) Educate the client about realistic expectations surrounding pain control and quality of life
and convey the idea that most patients’ pain can be managed. This involves letting the client
know that owner involvement in evaluating the pet and providing feedback on therapy is
crucial to success. The veterinarian and owner should both participate in developing
effective strategies to alleviate pain. The clients’ involvement also helps decrease their
feelings of helplessness.
(3) Thoroughly assess the pet’s pain at the start and throughout the course of therapy, not just
when it becomes severe.
(4) Have good support from the veterinary practice or institution for the use of opioids and
other controlled substances.

Table 4.1. Common conditions that may be associated with chronic pain in dogs and cats

Condition Examples




Cancer * Osteosarcoma

* Chondrosarcoma

* Nerve sheath tumor

* Spinal cord tumor

* Transitional cell carcinoma

Soft tissue inflammation/injury * Otitis media and interna

* Traumatic degloving injury

* Radiation therapy induced

Musculoskeletal inflammation/injury | * Coxofemoral, stifle, elbow, shoulder osteoarthritis

* Spinal osteoarthritis (spondylosis)

* Cruciate ligament rupture

* Luxating patella(s)

Nervous tissue inflammation/injury |+ Cervical, thoracic, lumbar intervertebral disk disease

* Postamputation (phantom limb)

* Postthoracotomy
Visceral inflammation/injury * Pancreatitis
* Cystitis
Dental disease * Feline odontoclastic resorptive lesions
* Stomatitis
* Gingivitis
Ocular disease * Glaucoma

Although pharmacological treatment is a mainstay of chronic pain treatment, adjunctive
nondrug therapies such as acupuncture may play an important role in patient management. It
must also be remembered that surgery is an important treatment modality for many types of
chronic pain and radiation therapy may be useful for treatment or palliation of neoplastic
disease.

A basic approach to chronic pain management can be summarized as follows:

(1) Assess the pain. Ask for the owner‘s perceptions of the pet‘s pain or of any compromise

in its quality of life.

(2) Believe the owner. The owner sees the pet every day in its own environment and knows

when alterations in behavior occur. Owners can rarely suggest diagnoses but do know when

something is wrong. The veterinarian should become familiar with the owner’s terminology
when explaining the pet’s abnormal behaviors to establish a baseline of communication for
further assessment in the home environment once therapy has been initiated.

(3) Choose appropriate therapy depending on the stage of the disease. Anything other than

mild pain should be treated with more than one class of analgesic or with an analgesic drug

combined with nondrug adjunctive therapy. Also consider concurrent problems and drug

therapy; be aware of potential drug interactions and toxicity.

(4) Deliver the therapy in a logical, coordinated manner and explain carefully to the owner

about any possible side effects.

(5) Empower the clients to participate actively in their pet‘s treatment; ask for feedback and

updates on how the therapy is working.



The importance of alleviating pain

The alleviation of pain is important from physiological and biologic standpoints as well as
from an ethical perspective. Pain can induce a stress response in patients that is associated
with elevations in adrenocorticotropic hormone, cortisol, antidiuretic hormone,
catecholamines, aldosterone, renin, angiotensin II, and glucose, along with decreases in insulin
and testosterone. A prolonged stress response can decrease the rate of healing. In addition, the
stress response can adversely affect the cardiovascular and pulmonary systems, fluid
homeostasis, and gastrointestinal (GI) tract function.

Veterinarians have an ethical obligation to treat animal pain. Most undertreatment of chronic
pain is probably a result of lack of adequate knowledge and resources rather than a lack of
concern. Outward show of concern for the pet and family is important for demonstrating a
bond-centered approach to chronic therapy and pain management. It is important for the
veterinarian to foster good communication surrounding primary therapy and pain treatment and
at the same time demonstrate empathy for the owner. In cancer patients especially, pain
prevention and treatment are not the only aspects that impact animal welfare, and veterinarians
must evaluate all aspects of welfare when making treatment decisions. The five freedoms have
been suggested as a rubric for the evaluation of an animal’s welfare (Table 4.2).

The approach to the treatment of chronic pain in dogs and cats should be one that considers
all aspects of welfare. For each freedom, the severity, incidence, and duration of perturbation
should be considered. In the case of pain, the longer the pain lasts, such as in long-standing
painful cancers, the more welfare is compromised.

It is of significant interest that the provision of analgesics significantly reduces the tumor-
promoting effects of undergoing and recovering from surgery. Surgery is well known to
suppress several immune functions, including natural killer (NK) cell activity in animals and
people, probably as a result of substances released such as catecholamines and prostaglandins.
This suppression of NK cell activity can enhance metastasis. The reduction of the tumor-
promoting effects of surgery by analgesics seems to be due to the alleviation of pain-induced
reductions in NK cell function, but unrecognized factors other than immune cells probably also
play a role. Thus, the provision of adequate perioperative pain management in oncological
surgery may protect clinical patients against metastatic sequelae. Pain therapy itself may
protect against metastasis and possibly the local extension of cancer.

Table 4.2. Five freedoms for evaluation of animal welfare

Freedom from hunger and thirst

Freedom from physical and thermal discomfort

Freedom from pain, injury, and disease

Freedom to express normal behavior

Freedom from fear and distress

Assessment of chronic pain



Assessment of pain in animals can be difficult and frustrating. The tolerance of pain in a
veterinary patient probably varies greatly from individual to individual as it does in humans.
Coupled with the innate ability of dogs and particularly cats to mask significant disease and
pain, the task becomes even more challenging. Often veterinarians need to rely on pet owner
experience to help define pain in animals. The mainstay of chronic pain assessment in cats and
dogs involves recognizing changes in behavior. Table 4.3 outlines behaviors that are indicative
of pain. The main point to remember is that any change in behavior can be associated with
pain. Veterinarians should also allow technicians and other staff members to be involved in the
assessment. Technicians and other staff members are usually better able to evaluate pain and
quality of life in animals because they spend more time with the patients in the hospital. Thus,
they are more likely to be able to converse in a relaxed and informal way with pet owners.

Table 4.3. Behaviors that may be associated with chronic pain in dogs and cats

Behavior Comments

Activity * Less activity than normal

* Very specific activities may be changed: decreased jumping, less playing, less venturing outside, less willingness to go on walks
(dogs)

« Stiff gait, altered gait, or lameness can be associated with general pain but more often are associated with appendicular or axial
musculoskeletal system

* Slow to rise and get moving after rest

Appetite * Often decreased
Attitude * Aggression, dullness, shyness, “ clinginess, ” increased dependence, and so on
Facial expression » Head hung low, squinted eyes (cats)

* Head carried low; sad expression (dogs)

Grooming * Failure to groom may be caused by generalized pain

* Palpation or manipulation of affected area temporarily exacerbates low grade pain and elicits an aversion response (such as

Response to palpation . . .
P paip attempts to escape, yowls, cries, hisses, bites)

Respiration * Respiratory rate may be elevated with severe pain

Self-traumatization * Licking an affected area (such as a joint, bone, or abdomen)

* Scratching an affected cutaneous lesion or biting at the flank with prostatic or colonic pain

* May also be observed with neuropathic or referred pain

Urinary and fecal elimination

o » Failure to use litter box (cats)
Vocalization

* Urinating and defecating inside (dogs)

Vocalization » Whining, grunting, groaning (dogs)

* Hissing, spontaneous meowing, growling (cats)

The best and most important people to assess their animal’s behavior are the owners. Often
owners need education as to what signs to look for or be informed that certain behaviors may
be indicative of pain. Once very specific changes in behavior can be identified and recorded,
these can be used to monitor the effectiveness of analgesic therapy. This approach has proved
very sensitive in the evaluation of chronic pain caused by osteoarthritis. In cases where pain
does not cause a specific behavioral change and only vague signs are observed, the owner is
still the best person to assess the pet’s pain or quality of life. Owner feedback can also be used
as an indicator of the effectiveness and appropriateness of therapy. Physiological variables
such as heart rate, respiratory rate, temperature, and pupil size have been shown to be
unreliable measures of acute perioperative pain in dogs and are therefore unlikely to be useful



in chronic pain patients.

Principles of alleviation of chronic pain

Drugs are the mainstay of chronic pain management although nondrug adjunctive therapies are
becoming recognized as increasingly important. The World Health Organization (WHO) has
outlined a general approach to the management of chronic cancer pain based on the use of the
following groups of analgesics: (1) nonopioids (such as nonsteroidal anti-inflammatory drugs
[NSAIDs] and acetaminophen), (2) weak opioids (such as codeine), (3) strong opioids (such
as morphine); and (4) adjuvant drugs (such as corticosteroids, tricyclic antidepressants,
anticonvulsants, and N-methyl-d-aspartate antagonists [NMDA]).

The general approach of the WHO ladder is a three-step hierarchy (see Figure 4.1). Within
the same category of drugs there can be different side effects for individuals. Therefore, if
possible, it may be best to substitute drugs within a category before switching therapies. It is
always best to try to keep dosage scheduling as simple as possible. The more complicated the
regimen, the more likely owner noncompliance. Drugs should be dosed on a regular basis, not
just as needed as pain becomes moderate to severe. Continuous analgesia will facilitate
maintaining patient comfort. Additional doses of analgesics can then be administered as pain is
intermittently more severe. Adjuvant drugs can be administered to help with specific
pathophysiologies of pain and anxiety.

Figure 4.1. WHO “analgesic ladder” for treatment of cancer pain in humans.

Strong Opioid +
Nonopioid +
Adjuvants

Weak Opioid +
Nonopicid +
Adjuvants

Nonopioid
+
Adjuvants

MILD PAIN CHRONIC PAIN SEVERE PAIN
(Pain Persisis or increases)

There are two potential problems with the use of the WHO analgesic ladder in veterinary
medicine. First, there is very little information from human medicine and virtually none from
veterinary medicine on which drugs are most effective for a particular type of chronic pain. It
may well be that third-tier drugs are the most effective for a particular chronic pain state.

Many veterinary patients present at an advanced stage of disease and thus are already in
severe pain. Once pain has been present for an extended period, changes may have occurred in
the central nervous system (CNS) that alter the way pain signals are processed. This alteration
in processing (called central sensitization) makes traditional analgesics less effective and



requires that multiple classes of drugs be used concurrently to minimize pain. This is known as
multimodal pain therapy. Once pain is minimized and central changes are addressed, some
drugs may be discontinued. This approach has been termed the “analgesic reverse pyramid
approach.” It is currently unknown which of these two approaches (the WHO ladder or the
reverse pyramid) is most appropriate and, indeed, one approach may be best at one disease
stage and the other later on. The most important aspect in the treatment of chronic pain is that,
in the majority of situations, multimodal therapy (the concurrent use of more than one class of
drug or physical modality) is required for successful alleviation of the pain.

NSAIDs

NSAIDs have been the mainstay of therapy for chronic pain in veterinary medicine, especially
osteoarthritis, for many years. For chronic pain, the choice among available NSAIDs can be
bewildering, but a few key points should be remembered. On a population basis, all NSAIDs
appear equally effective in relieving pain associated with osteoarthritis, but for a given patient
one drug may be more effective than another. This is probably especially relevant for cancer
pain where the mechanisms of pain may be very different from one patient to another.

In human patients GI side effects associated with NSAID use appear to be more common
with drugs that preferentially block cyclooxygenase-1 (COX-1) over cyclooxygenase-2 (COX-
2), although COX-2-inhibiting drugs have the potential to exacerbate GI injury when there is
preexisting pathology. This results from inhibition of a beneficial role that the COX-2 enzyme
likely plays in GI healing. The significance of COX selectivity and its association with GI
adverse events is still debated in veterinary pharmacology.

There may be no difference in renal toxicity between COX-1 selective drugs and COX-2
selective drugs. Both COX-1 and COX-2 are constitutively expressed in the kidney. Liver
toxicity with NSAIDs is an idiosyncratic event that can happen with any NSAID.

Monitoring NSAID therapy

If the NSAID chosen is effective and does not cause significant adverse effects it should be
continued. If not, therapy may be changed to another NSAID provided the animal did not
experience a serious side effect (such as GI bleeding, azotemia, or hepatopathy). If any toxicity
occurs the patient should be carefully evaluated and the benefits of continued NSAID therapy
weighed against the potential for further adverse events. Changing therapy to another class of
drugs (such as opioids) may be the safest strategy if the patient‘s tolerance for NSAIDs is low.
If another NSAID is chosen the patient should be monitored closely for toxicity. This involves
informing the owner of the potential for further toxicity and signs to watch for (e.g., lethargy,
anorexia, depression, vomiting, melena, and increased water ingestion). Periodic blood work
(and urinalysis) to evaluate renal status (urea, creatinine, and urine specific gravity) and liver
status (alkaline phosphatase and alanine aminotransferase and, if these enzymes are raised, bile
acids) should also be performed. A baseline should be obtained when NSAID therapy is



initiated and parameters monitored regularly thereafter. Reevaluation is done more frequently
if multiple drugs are being used. Little information is available on the potential of clinical
toxicity when combinations of analgesics are administered chronically.

NSAIDs in cats

Cats have longer but more variable and inconsistent rates of NSAID biotransformation and
excretion when compared with other species. Most of the kinetic studies performed in cats
have involved single doses. Given that most of the NSAIDs have a relatively long half-life in
cats, chronic dosing at the dosing level and frequency described for dogs is likely to be more
dangerous for cats than for dogs.

Meloxicam is the only NSAID labeled for chronic use in cats (and only in the European
Union) at a dose of 0.05 mg/kg per os (PO) every 24 hours. Lower doses may result in clinical
improvements in many cats. It should be noted that in the United States there is a specific bold
type label advisory warning against more than one injection of meloxicam to cats. One strategy
to minimize risk associated with chronic NSAID administration in cats is to individualize the
dose by using the smallest effective dose or extend the dosing interval relative to other species.
Some cats may metabolize drug at a rapid rate, requiring more frequent dosing, whereas other
cats may accumulate drug to toxic levels unless the dosing interval is increased or the dose is
reduced. This seems especially true with carprofen. Cats are more prone to toxicity associated
with NSAIDs than are dogs; therefore, blood and urine should probably be analyzed even more
frequently than recommended for dogs.

Other analgesics

If pain relief with NSAIDs is inadequate, oral opioid medications such as morphine or
tramadol can be administered. Transdermal fentanyl or buprenorphine patches can also be
used. Fentanyl, morphine, or tramadol can be used for dogs that cannot be given NSAIDs
although adverse effects may be more common. Acetaminophen has been used in conjunction
with NSAIDs (except in cats) although safety data on combined use are lacking. Other agents to
treat chronic pain include amantadine (an NMDA antagonist); anticonvulsants, such as
gabapentin; and tricyclic antidepressants, such as amitriptyline. Each of these have been
combined with NSAIDs.

Acetaminophen

Acetaminophen is a nonacid NSAID though many pharmacologists do not consider it an anti-
inflammatory because it acts by different mechanisms than do most currently marketed
NSAIDs. Although its mechanism of action is poorly understood it likely acts on a variant of
the cyclooxygenase enzyme (cyclooxygenase-3 [COX-3]), which is present in CNS tissues of
dogs. With any type of chronic pain there is always potential for CNS changes, so centrally
acting analgesics can be very effective for what might seem like a peripheral problem.



Although highly toxic in cats, even in small quantities, acetaminophen can be effectively used
to control pain in dogs. No studies of toxicity in dogs have been done but if toxicity is seen it
will probably affect the liver. Consequently, the drug should be used cautiously in dogs with
liver dysfunction. It can be used on its own or in combination with codeine and is initially
dosed at 10 to 15 mg/kg PO every 12 hours. The authors often use it as the first line of
analgesic therapy in dogs with renal compromise where NSAIDs cannot be used, or in dogs
that appear susceptible to the Glassociated side effects of NSAIDs.

Opioids

Many veterinarians may be unfamiliar with the use of opioids outside the perioperative period
but they can be a very effective part of a multimodal approach. Adverse effects of opioids can
include behavior changes, diarrhea, vomiting, occasionally sedation, urine retention, and
constipation with long-term use. It is very often the urine retention, constipation, and
occasionally the sedation, which owners seem to object to most. This is especially
problematic with the administration of oral morphine. Opioids most often used clinically to
alleviate chronic cancer pain are oral morphine, transdermal fentanyl, oral butorphanol,
transmucosal buprenorphine, and oral codeine. Oral oxycodone has been used recently to
control severe cancer pain in dogs. None of these drugs has been fully evaluated for clinical
toxicity or for efficacy of chronic pain alleviation. It is important to realize that dosing must be
done on an individual basis and adjustment of the dose to produce analgesia without
undesirable side effects requires excellent communication with clients. Recent studies have
indicated that certain preparations of prolonged-release oral morphine and oral methadone
may not reach effective plasma concentrations in dogs when dosed at the currently
recommended levels. Much work has to be done to better evaluate the efficacy and safety of
long-term oral opioids in dogs.

Opioid use in cats

Currently no information on the long-term use of oral opioids for chronic pain in cats is
available. Interestingly, there seems to be significant individual variation in the level of
analgesia obtained with certain opioids, especially morphine and butorphanol, in the acute
setting. Buprenorphine appears to produce predictable analgesia when given sublingually in
cats. The sublingual route appears to result in near 100% bioavailability in cats, which may be
a result of differences in ionization in the alkaline environment (pH 8-9) of the cat mouth
compared to that of humans (pH 6.5-7.0). Sublingual administration of buprenorphine is well
accepted by cats with no resentment or salivation, so there is no need to compound the
injectable solution. The small volume required makes administration simple. Based on clinical
feedback from owners, this is a very acceptable technique for them to perform at home.
However, inappetence may occur after several days of treatment. Slightly lower doses can
usually overcome this problem. When administered concurrently with other drugs longer
dosing intervals appear to be all that is required to minimize the potential for adverse effects.



NMDA antagonists

Since the NMDA receptor appears to be important for the induction and maintenance of central
sensitization, the use of NMDA receptor antagonists may offer benefits where central
sensitization has become established.

Ketamine, tiletamine, dextromethorphan, amantadine, and methadone possess NMDA
antagonist properties among their other actions. Ketamine is not useful for the management of
chronic pain in the injectable formulation that is currently available. However, intraoperative
microdose ketamine appears to provide beneficial effects for a variety of surgical procedures,
including limb amputations, and may decrease the incidence of chronic pain following surgery.
Other recent publications suggest a benefit of using ketamine perioperatively (an intravenous
bolus of 0.5 mg/kg followed by a continuous intravenous infusion of 0.01 mg/kg/min prior to
and during surgery), particularly in patients that have pain associated with neoplasia. A lower
continuous intravenous infusion rate (0.002 mg/kg/min) may be beneficial for the first 24 hours
postoperatively and an even lower rate (0.001 mg/kg/min) for the next 24 hours. In the absence
of an infusion pump, ketamine can be mixed in a bag of crystalloid fluids for administration
during anesthesia.

Dextromethorphan has received attention as an orally administered NMDA receptor
antagonist for use in human patients suffering from chronic pain. Although it appears effective
in some people, dogs do not make the active metabolite after oral administration, negating its
use as an analgesic in this species.

Amantadine has been used for the treatment of neuropathic pain in humans. It does not appear
to have the undesirable CNS adverse effects associated with ketamine administration.
Amantadine has been used in dogs as an adjunctive drug for the alleviation of chronic pain,
particularly in osteoarthritis and cancer. As an adjunct to NSAIDs it appears to augment pain
relief with a low incidence of adverse effects (mainly agitation and diarrhea over the first few
days of administration). It may take 5—7 days to be effective. Amantadine should probably not
be used in patients with congestive heart failure, or in patients on selegiline, sertraline, or
tricyclic antidepressants.

Combination analgesics

Tramadol is a synthetic derivative of codeine and is classified as an opioidergic
monoaminergic drug. It has been found to be effective in the alleviation of pain associated with
osteoarthritis in humans as part of a multimodal approach. Studies establishing dosing
regimens and effectiveness in veterinary species are limited. Tramadol and its metabolite have
agonist action at the mu opioid receptor and also facilitate the descending serotonergic system,
which is part of the body‘s endogenous analgesic system. Tramadol has been used in many
parts of the world to treat perioperative pain in animals and is occasionally used to treat
chronic pain. Recent pharmacokinetic studies suggest that only low levels of the active O-
desmethyl-tramadol metabolite are present in dogs after oral administration. While cats appear
to make the active metabolite, drug clearance is lower in this species. The immediate release



formulation is recommended for dogs, as the pharmacokinetics of the oral sustained-release
formulation do not appear to be favorable for oncedaily dosing. Toxicity has not been
thoroughly evaluated in dogs or cats but clinical experience suggests that the adverse effects
usually resemble those of other opioids.

Anticonvulsants

Gabapentin is a structural analogue of gamma-aminobutyric acid (GABA) and was introduced
as an antiepileptic drug, although its GABAergic actions appear minimal. It is thought to act by
modulating the alpha,-delta subunit of calcium channels, thereby decreasing calcium influx and

neurotransmitter release. It appears to be useful for treating neuropathic pain and central
sensitization in some patients, although effectiveness in humans (and probably veterinary
patients) is unpredictable. It is metabolized rapidly in dogs and is most often used for its
anticonvulsive properties. It appears to have some analgesic properties at low doses
administered two or three times daily.

A similar drug, pregabalin, has been approved by the U.S Food and Drug Administration
(FDA) for treatment of neuropathic pain in human patients. It has the benefit of more
predictable absorption following oral administration. Its clinical evaluation in dogs and cats
has not been published to date.

Tricyclic antidepressants

The tricyclic antidepressant amitriptyline appears to be effective in cats for pain alleviation in
interstitial cystitis, and many practitioners have anecdotally reported efficacy in other
chronically painful conditions in cats and dogs. Amitriptyline has been used daily for periods
of up to 1 year for interstitial cystitis and few side effects have been reported. There are no
other studies of its possible analgesic effects in dogs or cats. Tricyclics should probably not be
used concurrently with tramadol until more is known about drug interactions.

Steroids

These have a mild analgesic action, are anti-inflammatory, and can produce a state of euphoria.
Steroids are often used to palliate cancer and cancer pain in cats and dogs. They should not be
used concurrently with NSAIDs because of the increased risk of serious adverse effects.

Bisphosphonates

Bone and periosteal pain induced by primary or metastatic bone tumors is thought to be caused
mainly by osteoclast activity; therefore, drugs that block osteoclast activity should markedly
reduce bone pain. Bisphosphonates inhibit osteoclast activity and can thus produce analgesia.
There is very little information on their use in dogs for palliation of bone pain but drugs such
as pamidronate are being used, and early anecdotal reports suggest effectiveness in
approximately 40% of cases.



Other chronic pain-relieving modalities

Local or whole body radiation can enhance analgesic drug effectiveness by reducing metastatic
or primary-tumor bulk in cancer patients. Radiation dose should be balanced between the
amount necessary to kill tumor cells and that which would affect normal cells. Mucositis of the
oral cavity and pharynx can develop after radiation to the neck, head, or oral cavities, resulting
in impaired ability to eat and drink. Therapies to treat mucositis include analgesics, sucralfate,
2% viscous lidocaine, and green tea rinses. Intravenous administration of strontium 89 has also
been shown to provide analgesia related to bony metastases in approximately 50% of humans
but its use is uncommon in veterinary patients.

Acupuncture can be used as a pain-relieving modality when conventional therapy does not
work. While some practitioners have difficulty accepting acupuncture because of traditional
Chinese medical explanations that may be scientifically untenable, it is important to remember
that there are documented physiological theories and evidence for its clinical effects in
animals.

In general, acupuncture analgesia is extremely useful for treatment of pelvic, radius/ulna, and
femoral bone pain, as well as cutaneous discomfort secondary to radiation therapy.
Acupuncture may help to alleviate nausea associated with chemotherapy and some analgesics
while promoting general well-being. Acupuncture analgesia can be provided through simple
needle placement. Needle placement efficacy can be enhanced with electrical stimulation of
high or low frequency (most types of pain respond to low frequency stimulation).

Nutraceutical products may contain a variety of compounds but the main ones are
glucosamine and chondroitin sulfate. There is some evidence that they provide mild anti-
inflammatory and analgesic effects. Interestingly, based on the authors’ experience, the
analgesic effect appears to be more predictable in cats than in dogs.

Revised from “Cancer Patients” by Duncan X. Lascelles and James S. Gaynor in Lumb and
Jones’ Veterinary Anesthesia and Analgesia, Fourth Edition.



Chapter 5

Anesthesia equipment

Craig Mosley

Introduction

Inhalant anesthesia forms the basis of most modern anesthetic protocols in veterinary medicine.
The administration of potent inhaled anesthetics requires specific delivery techniques. The
anesthetic machine enables the delivery of a precise yet variable combination of inhalant
anesthetic and oxygen. The basic components and functions of all anesthetic machines are
similar but significant design differences exist among them. Machines can be very simple, for
example, those used for mobile applications to very complex anesthetic workstations with
built-in ventilators, monitors, and safety systems (see Figure 5.1). Regardless of the
complexity of the design, all anesthetic machines share common components: a source of
oxygen, a regulator for oxygen (this may be part of the gas supply system), flow meter for
oxygen, and a vaporizer. If additional gases are used (i.e., nitrous oxide) there will also be a
source, regulator, and flow meter for each gas that generally parallels the path of oxygen with
some exceptions (i.e., oxygen flush valve). The basic anesthetic machine is then used in
conjunction with a breathing circuit and anesthetic waste gas scavenging system for anesthetic
delivery to the patient.

Safety and design

Since 2000, human anesthetic machines sold in North America must meet minimum design and
safety standards established by organizations such as the American Society for Testing and
Materials (ASTM) and the Canadian Standards Association (CSA). Anesthetic machines
designed for veterinary use are not required to meet any specific design or safety standards
beyond those associated with basic hazards to the operator (i.e., electrical safety
requirements). Safety features are often added on an ad hoc basis and there are no requirements
for demonstrating equipment efficacy. Ideally, safety features, such as airway pressure alarms,
should be designed into the anesthetic machine itself. The inclusion of some of these safety
systems on anesthetic machines may help eliminate preventable anesthetic accidents. However,
until safety and design standards are adopted by the manufacturers of veterinary anesthetic
equipment, there will remain numerous equipment options of varying quality, efficacy, and
safety available for delivering inhalant anesthetics to veterinary patients. Regardless of the



presence of standards, it will always be incumbent upon the veterinary anesthetist to
thoroughly understand the function of each component of the anesthesia machine and to ensure
that the machine is designed suitably well to accomplish these tasks safely.

Figure 5.1. Anesthetic machines for veterinary use can vary considerably in their complexity
and sophistication. (A) A complete veterinary anesthetic workstation for large animal use. (B)
A portable anesthetic system for field use. Both systems provide all the components necessary
for the controlled delivery of inhalant anesthetics. Photo A courtesy of Hallowell EMC,
Pittsfield, MA.

It is beyond the scope of this chapter to describe in detail all the anesthesia machines and
equipment currently available and used in veterinary medicine. There are many excellent
textbooks devoted to describing in great detail the anesthetic equipment available for use in
human anesthesia.'? This chapter aims to provide the reader with a general working overview
of the anesthetic machine, vaporizers, breathing circuits, and ventilators. In addition, there are
products that have been designed specifically for veterinary use that are not described
elsewhere, and some of these will be described here.

Endotracheal tubes and laryngoscopes

Endotracheal tubes

Endotracheal tubes are commonly used to maintain an airway in patients anesthetized with
inhalant anesthetics. However, laryngeal masks have been evaluated in a number of domestic



species and may be suitable alternatives in some instances.>*® A properly placed endotracheal
tube or laryngeal mask with a properly inflated cuff provides a patent airway, facilitates
positive pressure ventilation, protects the airway from aspiration of fluids, and prevents
contamination of the work environment with waste anesthetic gases.

There are many styles and types of endotracheal tubes available that can be used in
veterinary medicine (Figure 5.2A). Most are manufactured for humans but can be used in most
small animal patients. For patients requiring tube sizes larger and smaller than those available
for human use, there are some veterinary-specific products available. Endotracheal tubes
manufactured for use in humans must have various markings and abbreviations directly on the
tube that fully describes each tube. The markings may include the manufacturer, internal (ID)
and outer (OD) tube diameter, length, and codes indicating tissue toxicity or implantation
testing (e.g., F29) (Figure 5.2B). There is no requirement for similar markings on tubes
manufactured solely for veterinary use but it is common for them to minimally list tube
diameters and length. Endotracheal tubes are normally sized according to their IDs. For
example, a size 6.0 endotracheal tube refers to a tube with an ID of 6.0 mm. The OD for any
given tube size may vary depending upon the construction of the tube. Endotracheal tubes
having thicker walls will have greater differences between the IDs and ODs. This can become
important when selecting tubes for very small patients. Very thick-walled tubes will effectively
reduce the internal airway diameter compared with a thin-walled tube, as ultimately the size of
the endotracheal tube that can be placed in a patient is limited by the OD of the tube and not the
ID. However, very thin -walled soft tubes are susceptible to obstruction by external
compression (i.e., tube tie) or kinking (Figure 5.3).

Common endotracheal tubes materials include polyvinyl chloride, silicone, or red rubber.
Clear endotracheal tubes are generally preferred so that they can be visually inspected for the
presence of mucous or blood intraoperatively, or debris within the tube lumen after cleaning.
Generally, the largest size endotracheal tube that will fit in the patient’ s trachea should be
used. Although various “rules of thumb” for selecting tube size exist, it is probably easiest to
estimate the most appropriate tube size by palpating the individual patient’ s trachea. The tube
should not extend distally beyond the thoracic inlet and ideally should not extend rostrally
significantly beyond the patients incisors, as this will increase mechanical dead space. If the
endotracheal tube is too long and further insertion would lead to the possibility of
endobronchial intubation, it can be cut and the endotracheal tube connector replaced.

The most commonly used type of endotracheal tube in both large and small animals is the
cuffed Murphy-type tube shown in Figure 5.2B. Cole-type and guarded (spiral embedded,
armored) tubes are also occasionally used in veterinary medicine. Cole tubes are an uncuffed
tube that has a smaller diameter at the patient (distal) end relative to the machine (proximal)
end. The distal smaller diameter portion of the tube is inserted into the trachea to a point where
the shoulder contacts the larynx, forming a seal. However, Cole tubes will not produce the
same degree of airway security compared with a standard cuffed tube and are normally only
used in very small patients for short-term intubation (see Figure 5.4). Guarded tubes
incorporate a metal or nylon spiral reinforcing wire into the endotracheal tube wall that helps



prevent tube collapse and occlusion. Guarded tubes are useful in situations where the tube is
likely to be compressed or kinked, such as procedures requiring extreme flexing of the head
and neck (i.e., cerebrospinal fluid [CSF] taps) or those that involve compression of the trachea
(i.e., tracheal retraction during ventral approach to the cervical spinal cord).

Figure 5.2. (A) The tubes include tubes made of silicone, polyvinyl chloride, and red rubber
(top to bottom). (B) Diagram illustrating the parts and desirable characteristics (e.g., radius of
curvature and angle of the bevel) of a Murphy endotracheal tube. OD, outer diameter. From
Dorsch J.A., Dorsch S.E. Tracheal tubes. 1994. In: Understanding Anesthesia Equipment, 3rd
ed. J.A. Dorsch and S.E. Dorsch, eds. Baltimore, MD: Williams and Wilkins, p. 439.
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Figure 5.3. Very thin-walled endotracheal tubes are prone to occlusion from external



compression or twisting. Continual evaluation of the endotracheal tube for patency is required
when thin pliable walled endotracheal tubes are used.

Figure 5.4. A 10-French Cole endotracheal tube appropriate for small veterinary patients.
Note the smaller diameter of the laryngotracheal portion of the tube (distal end of the tube,
right side of the figure).

The machine end contains the endotracheal tube connector. The most proximal portion of the
connector is a uniform size (15 mm OD) facilitating universal connection to all standard
anesthetic circuits. The distal end of the connector varies in size according to the diameter of
the endotracheal tube.

The patient (distal) end of the endotrache