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“There are no safe anesthetic agents; there are no safe anesthetic procedures;

there are only safe anesthetists.”
Robert Smith

Anticholinergics


Anticholinergics are competitive antagonists of acetylcholine at post ganglionic parasympathetic muscurinic receptors.  Stimulation of muscurinic receptors induces salivation, pupillary constriction, bronchoconstriction, gastric acid secretion, gastrointestinal motility, and slowing of the heart rate.  The two most commonly used anticholinergics in veterinary medicine are atropine and glycopyrrolate (Table 1).  These two drugs differ in their duration of action, with the effects of glycopyrrolate lasting at least twice as long as atropine.  Furthermore, glycopyrrolate does not cross the intact blood brain barrier or the placenta.  Anticholinergics increase myocardial oxygen consumption by increasing heart rate.  and can precipitate cardiac arrhythmias and decrease the threshold for ventricular fibrillation.  For these reasons anticholinergics should not be used as a routine part of the anesthetic regimen, since many critically ill patients can not tolerate increases in myocardial oxygen consumption or alterations of cardiac rhythm.  Anticholinergics are indicated for specific situations.  For example, animals with high resting vagal tone, or high vagal tone resulting from narcotic or alpha-2 administration, those with excessive upper airway secretions, or in those animals in which cardiac output is dependent on maintenance of a normal heart rate.  This includes neonates or individuals with cardiac tamponade.

Benzodiazepines


Diazepam and midazolam are benzodiazepines frequently used in small animals.  These two drugs are similar except that midazolam is water soluble while diazepam is solubilized in 40% propylene glycol.  Intravascular injection of diazepam can be associated with pain at the injection site, furthermore the propylene glycol diluent prevents rapid absorption following intramuscular injection.  The elimination half life of midazolam is shorter than diazepam.  Benzodiazepines act by facilitating the actions of GABA and glycine, two inhibitory neurotransmitters.  They can unmask suppressed behavior and can cause increased agitation and restlessness, particularly in cats.  Debilitated and depressed dogs or cats often respond to a relatively small IV dose of diazepam with profound CNS depression. Endotracheal intubation can often be accomplished following their use alone.  Benzodiazepines produce minimal cardiac and respiratory depression and initiate antiarrhythmic effects.  They are anticonvulsants and skeletal muscle relaxants, and when used prior to barbiturates or inhalation anesthetics they decrease the dose of drug necessary to induce and maintain anesthesia.  Both diazepam and midazolam can be combined with opioids to produce neuroleptanalgesia, with ketamine to produce short-term general anesthesia or with inhalant anesthesia to improve muscle relaxation.  They are also useful when used just prior to anesthetic induction drugs such as the thiobarbiturates, etomidate or propofol. 

Opioid Analgesics and Neuroleptanalgesics


The opioid (narcotic) analgesics can be used as adjuncts to general anesthesia as well as for postoperative pain control.  As adjuncts to general anesthesia, they can be used alone for pre-anesthetic analgesia and behavior modification while in depressed animals they can be used for anesthetic induction either alone or combined with other drugs.  Combined with sedatives (alpha-2 agonists) or tranquilizers (acepromazine) they induce profound sedation and analgesia.  This is referred to as neuroleptanalgesia. Opioids act by binding to specific opioid receptors in the central nervous system.  The opioid receptors present within the CNS are termed mu, kappa, sigma, and delta, and there is evidence suggesting their existence in peripheral afferent nerves.  Opioids are usually classified as agonists, agonist-antagonists, partial agonists, or antagonists depending on their activity at the various receptors.  Stimulation of the mu receptor induces analgesia, respiratory depression, miosis, bradycardia, hypothermia, and euphoria.  Stimulation of the kappa receptor produces sedation, analgesia, and miosis.  Stimulation of the sigma receptor induces mydriasis, tachycardia and excitement.  The function of the delta receptor is not well understood.  Morphine, meperidine, oxymorphone, and fentanyl are agonists at the mu and kappa receptors.  Naloxone is an antagonist at all three receptors, and butorphanol, pentazocine, nalbuphine, and buprenorphine are partial agonists at mu and kappa receptors or antagonists at mu receptors and agonists at kappa and sigma receptors.  The overall effect of opioids on behavior in normal conscious dogs and cats varies from sedation to euphoria and excitement.  Administration to debilitated or depressed patients usually results in sedation.


In general, opioids are powerful respiratory depressants.  Experimentally, respiratory depression is characterized by a delayed response (altered threshold) and decreased sensitivity to increased in carbon dioxide concentration.  Some opioids such as butorphanol demonstrate little or no respiratory depression due to their receptor specificity.  Panting is a common side effects of opioids and is probably related to drug effects in the thermoregulatory center in the hypothalamus.


Cardiovascular function is well maintained following opioid administration.  Left ventricular contractility, cardiac output, and systemic blood pressure are minimally changed.  Some opioids such as oxymorphone, fentanyl, and morphine can induce bradycardia.  Morphine and meperidine initiate histamine release with resulting peripheral vasodilatation.  Histamine release is dose dependent and low doses induce only mild vasodilatation.


Other notable opioid effects include decreased urinary output due to stimulation of ADH release.  The gastrointestinal effects are variable among species but in the dog generally include vomiting due to stimulation of the chemoreceptor trigger zone.  Dogs initially defecate and there is an increase in flatulence following opioid administration.  Opioids induce an initial GI hypermotility in the dog with an increase in non-propulsive rhythmic contractions and an increase in smooth muscle tone.  This is followed by a period of GI stasis and constipation.


Opioid agonists that are the most useful in anesthesia of the critically ill patient include morphine, oxymorphone, and fentanyl.  These three drugs can be used alone or as a part of a neuroleptanalgesic combination (Table 1).


Hydromorphone is approximately 7 times more potent than morphine.  An IV bolus of hydro can induce anesthesia in depressed dogs, however used alone in healthy alert dogs it does not produce loss of consciousness.  Diazepam can be administered IV just prior to hydromorphone for additional relaxation and sedation.  Alternatively midazolam and hydromorphone can be administered IM for pre-anesthetic neuroleptanalgesia.  Like morphine oxymorphone can induce vomiting.


Fentanyl is approximately 50-100 times more potent than morphine and has a 15-30 minute duration of action.  It minimally depresses cardiovascular function.  A small IV bolus (0.005-0.01 mg/kg) of fentanyl administered every 15-30 minutes during inhalation anesthesia provides additional analgesia and allows a lesser concentration of the inhalant to be used.  Fentanyl induced bradycardia can be treated with an anticholinergic.  Fentanyl is also available in combination with the tranquilizer droperidol.  This neuroleptanalgesic drug combination is useful IM and IV for sedation or induction.  Other than the potential for a fentanyl induced bradycardia, the cardiovascular depressant effects are minimal. 

Alpha-2 Agonists


The alpha-2 agonists include xylazine, detomidine, medetomidine and romifidine.  These drugs produce the majority of their pharmacologic effects by stimulating alpha-2 receptors and are used clinically for sedation, muscle relaxation and analgesia.  Larger dosages produce a variety of side effects including repiratory depression, bradycadia and bradyarrhythmias (first and second degree heart block), hyperglycemia, decreases gut motility and diuresis. Vomiting is a common side effects following intramuscular administration to dogs and cats. When administered clinically in small dosages these drugs are excellent for preanesthetic medication or as adjuncts to general anesthesia.  The most important point being that they be administered in small dosages (approximately 1/10 of the label recommendation).  All of the effects of the alpha-2 agonists can be reversed by administration of an alpha-2 antagonist; yohimbine, tolazoline, atipamezole.   

Injectable Anesthetics


The propofol, etomidate and the cyclohexamines (ketamine, Telazol®) are injectable anesthetics use to produce short-term (min.) anesthesia or for induction to general anesthesia with an inhalant.


Propofol is a nonbarbiturate ultrashort acting intravenous anesthetic that can be administered as a bolus or by infusion due to rapid clearance.  It is similar to the thiobarbiturates but not as cumulative.  Unlike the barbiturates it does not sensitize the myocardium to catecholamine induced arrhythmias and is less likely to produce respiratory and cardiovascular depression at clinically recommended dosages.


Etomidate is a nonbarbiturate, non-narcotic, ultrashort acting intravenous anesthetic.  Anesthesia is rapidly induced following IV administration, and its hypnotic duration of action is approximately 5-10 minutes.  Etomidate is rapidly metabolized in the liver and plasma by non-specific esterases.  This rapid metabolism makes it suitable for use in patients with liver dysfunction.  Etomidate causes minimal changes in cardiac contractility, heart rate, cardiac output, and systemic blood pressure are minimally effected.  Etomidate produces mild respiratory depression.  Side effects from etomidate infusion include pain at the injection site, myoclonus, and gagging and retching.  These effects are lessened by premedication with a tranquilizer or sedative.  Etomidate suppresses adrenocortical function for 2-6 hours following a single bolus dose and may be contraindicated in debilitated or immunosuppressed patients.  Etomidate is useful for anesthetic induction in patients with cardiovascular instability.

Propofol

Dissociative Anesthetics


The most commonly used dissociative anesthetic in veterinary medicine is ketamine.  Ketamine is used in a variety of species, either alone or in combination with tranquilizers and sedatives.  The term dissociative anesthesia implies a pharmacologic uncoupling of sensory input from conscious sites within the brain.  The mechanism of ketamine’s CNS and analgesic effects is unclear but may be related to decreases in brain acetylcholine, facilitation of GABA, or stimulation NMDA and opioid receptors.  Ketamine produces waxy limb rigidity, wide eyed stare, maintenance of a corneal and laryngeal reflexes, and occasional violent recoveries.  The drug is unsuitable for use in dogs unless it is combined with a sedatives or tranquilizers.  Most typically ketamine has been combined with xylazine, acepromazine, and diazepam in dogs and cats.


An advantage of ketamine is its relative lack of cardiovascular depression.  Ketamine typically increases heart rate, cardiac output, cardiac contractility, and systemic blood pressure in dogs and cats.  These effects are due at least in part to a centrally mediated increase in sympathetic tone.  Because of the cardiovascular sparing effect ketamine is useful for anesthesia of the critically ill patient.  Ketamine, however can induce cardiovascular depression or tachycardia in patients with limited cardiovascular function (heart failure, hemorrhagic shock) and maintenance of cardiovascular function should not be assumed when ketamine is administered to compromised patients.


Ketamine produces does dependent respiratory depression characterized by decreased tidal volume, increased frequency, and apneustic breathing.  The depression is transient and of no consequence in normal healthy patients, however patients with pre-existing cardiopulmonary depression may experience severe respiratory insufficiency following ketamine.  Ketamine is a potent bronchodilator, and has been used for anesthesia in asthma patients


The combination of ketamine and diazepam or midazolam is useful for short-term chemical restraint or anesthetic induction in critically ill patients.  The combination is associated with minimal cardiopulmonary depression, and is administered as a 1:1 mixture by volume, 1 ml of the combination per 9 kg body weight.  Analgesics (butorphanol, oxymorphone, alpha-2 agonists) should be added to this combination to enhance analgesia.

Etomidate

Inhalation Drugs


Inhalation anesthetics are the cornerstones of long-term (greater than 15 minutes) anesthesia of the critically ill patient.  Their duration of action is not appreciably dependent on metabolism and anesthetic depth can be rapidly adjusted compared to injectable anesthesia.  Extremely debilitated patients can be rapidly and safely “masked down” with relatively low concentrations of the inhalants.  Patients that are alert should be induced to anesthesia using an injectable technique and then receive an inhalant for anesthetic maintenance.  The inhalation drugs in common use include nitrous oxide and the volatile anesthetics methoxyflurane, halothane, isoflurane and sevoflurane.  Enflurane is rarely uses in veterinary practice and will not be discussed.


Nitrous oxide is a gas that can not be used by itself to sustain anesthesia.  It is used concurrently with the volatile inhalation anesthetics to provide analgesia and sedation with relatively minor cardiopulmonary depression.  Nitrous oxide is very insoluble in blood and other tissues which is responsible for its extremely rapid onset and termination of action.  Nitrous oxide hastens uptake of concurrently used volatile anesthetics (second gas effect).  This is advantageous during induction with a soluble drug like methoxyflurane.  This advantage is minimal with the relatively insoluble halothane or isoflurane.  Nitrous oxide is approximately 30 times more soluble in the body than nitrogen.  Since nitrogen is a major component of gas spaces within the body, nitrous oxide moves into these gas filled spaces faster than nitrogen moves out.  This results in an increase in volume or pressure of the space.  For this reason nitrous oxide is contraindicated for use in patients with pneumothorax or bowel obstruction.  Nitrous oxide leaves the body rapidly following termination of anesthesia.  If the patient is hypoventilating and breathing room air, hypoxia may ensue.  For this reason the patient should be maintained on 100% oxygen in the immediate post operative period if nitrous oxide was a component of the anesthetic regimen.


Isoflurane and sevoflurane are similar in their effects on the different body systems.  They produce a dose dependent cardiovascular depression. Isoflurane induces peripheral vasodilatation and cardiac output is maintained by an increase in heart rate. of this halothane is contraindicated for use in patients prone to development of cardiac arrhythmias.


Isoflurane and sevoflurane produce dose related ventilatory depression, with halothane producing the least depression.  Respiratory depression is associated with an increased arterial carbon dioxide concentration and respiratory acidosis.  For this reason, patients with a metabolic acidosis, concurrent respiratory dysfunction, increased intracranial pressure, or any other condition in which respiratory depression in undesirable should be ventilated during inhalation anesthesia.

Table 1.  Anesthetic drugs commonly used for premedication in critically ill patients




    Drug




Dosage (mg/kg)

Comments



Anticholinergics


Atropine



0.02-0.04 IM, SC, IV


Glycopyrrolate


0.01 IM, SC, IV

Benzodiazepines


Diazepam



0.2-0.3 IV


Midazolam



0.2-0.3 IM, IV

Opioids


Butorphanol



0.2-0.4 IM


Buprenorphine


0.005-0.01 IM; 0.03 SL


Hydromorphone


0.05-0.1 IM

Bradycardia should be anticipated


Morphine



0.2-0.4 IM

Bradycardia should be anticipated


Methadone



0.2-0.4 IM



Alpha-2 Agonists


Xylazine



0.1-0.2 IV

Bradycardia should be anticipated


Medetomidine 


2-10 µg IV

Bradycardia should be anticipated


Dexmedetomidine


2-10 µg IV

Bradycardia should be anticipated

Neuroleptanalgesics



Midazolam and 


0.03 IM

Can combine in same syringe


Oxymorphone



0.05 IM

Bradycardia should be anticipated.


Midazolam and


0.3 IM


Can combine in same syringe


Butorphanol



0.2 IM

Dissociatives


Ketamine



2.0-4.0 IM

Cats only





Table 2.  Parenteral anesthetic drugs

	Drug
	Dosage (mg/kg, IV)
	Comments

	
	Propofol

Etomidate

Alphaxalon
	3-5

0.5-1.0

1.5-3.0
	Should be preceded by a sedative, tranquilizer or narcotic

Should be preceded by a sedative, tranquilizer or narcotic

Should be preceded by a sedative, tranquilizer or narcotic

	Dissociative Combinations
	
	

	
	Ketamine/diazepam
	1ml/9 kg of  1:1
	

	
	Ketamine/midazolam
	(volume/volume) mixture
	

	
	Ketamine
	2-6
	Cats only

	Opioids and Neuroleptanalgesic
	
	

	
	Hydromorphone
	0.05-0.1
	Will induce anesthesia only in very sedate or depressed patients

	
	Fentanyl
	0.002-0.004
	Used intraoperatively to supplement inhalation anesthesia

	
	Midazolam/Hydromorphone
	0.05 Midazolam

0.05-0.2 oxymorphone
	

	Others
	
	

	
	Etomidate
	1.0-2.0
	Precede with benzodiazepine, sedative or narcotic

	
	Propofol
	200-400 µg/kg/min
	

	
	Ketamine/Diazepam
	2.5/0.1
	Poor muscle relaxation


Table 3  Volatile Inhalation Anesthetics *















            Approximate Vaporizer Setting



  
Drug



Induction (%)


Maintenance (%)




Isoflurane


1-3



0.5-2.0



Sevoflurane 


3-5



1.5-2.5





*Assumes fresh gas flow rate of 20-40 ml/kg/min oxygen.  If nitrous oxide is added to the fresh gas, flow rate then decrease vaporizer setting by approximately 0.25-0.5.

These settings are for a precision vaporizer located outside the anesthetic circle.  Vaporizer settings for in-the-circle, on precision vaporizers are not listed.

Anesthetic emergencies and disaster prevention


One of the most alarming if not frustrating and often times disappointing challenges the veterinary surgeon must be prepared to respond to is the anesthetic related emergency.  All to often drugs used to produce chemical restraint or anesthesia cause the development of untoward side effects some of which are potentially life threatening.  The most common life threatening emergencies associated with small animal anesthesia and surgery are (in order of occurrence) hypoventilation and apnea, sinus bradycardia with or without hypotension, hypotension and cardiac arrhythmias.  Hypovolemia either prior to or during surgery (hemorrhage) can become life threatening if it leads to low cardiac output and hypotension but is generally easily recognized prior to (dehydration, tachycardia, weakness, etc.) or during (blood loss) anesthesia and surgery.


Hypoventilation and Apnea: Apnea is easily recognized by the absence of breathing and is relatively common following the acute bolus administration of an intravenous anesthetic drug.  Its occurrence during or after surgery however may be more difficult to detect particularly if the patient is totally covered with surgical drapes or warming blankets, patient monitoring is infrequent or a respiratory is not used.  Regardless of whether or not frequent patient monitoring is practiced or a respiratory monitor is used hypoventilation can occur and depending upon its duration can produce the same effects as apnea (just not as fast).  Hypoventilation is an insidious and technically difficult problem because most veterinarians and veterinary technicians assume that an adequate respiratory rate and respiratory efforts equate with adequate alveolar ventilation.  It must be remembered that the amount of gas exchanges with each breath (tidal volume; VT) is composed of two components: dead space gas (VD) and alveolar ventilation (VA) such that VT=VD+VA. The most important point in understanding this relationship is that VD is relatively constant and is always the first gas to be exchanged since it represents the movement of gas in and out of the mouth or nasal passages, trachea and other conducting (non gas exchanging units) of the respiratory tree.  Said another way if VT decreases and VD cannot change then VA must decrease leading to the development of hypoxia and hypercarbia.


The treatment of apnea or hypoventilation regardless of cause is to control, assist or in some way support ventilation.  Ventilator support is relatively easily accomplished in anesthetized patients following orotracheal intubation by connecting the patient to an anesthetic machine and inflating the rebreathing bag, connecting the patient to a ventilatory assist device (respirator) or connecting the patient to a self inflating (Ambu) bag connected to an oxygen supply source.  Whether breathing is assisted (VT controlled) or controlled (both VT and respiratory rate controlled) normal respiratory rate should be between 8-12 breaths/min and VT between 12-15 ml/kg for most small animal patients.  The single or multiple bolus administration of respiratory stimulants (ex. doxapram; Dopram-V) are not indicated for most anesthetic related causes of apnea and/or hypoventilation because they frequently produce a transient period of hyperventilation causing hypocarbia (remember CO2 is the major drive to ventilation) and another period of apnea or hypoventilation and must be given by constant rate infusion to be truly effective.  Suffice it to say that the administration of doxapram during the post anesthetic/surgery recovery period may produce a false sense of security if the patient begins to breathe more frequently or deeply.  This is usually followed however by a longer period of hypoventilation and/or apnea.



Bradycardia:  Bradyarrhythmias make themselves apparent in several different forms during anesthesia and surgery.  Sinus bradycardia is easily the most common cardiac arrhythmia encountered during anesthesia and may produce important hemodynamic effects.  Heart rate (HR) is important in maintaining both an adequate blood flow (cardiac output; Q) to peripheral tissues and an adequate arterial blood pressure (ABP) in order to maintain tissue perfusion.  The importance of heart rate in maintaining normal hemodynamics is emphasized by knowing that Q=SV x HR where SV is the amount of blood pumped (stroke volume) by the heart during each contraction.  Furthermore, ABP=Q x PVR where PVR is peripheral vascular resistance.  Therefore, ABP = (SV x HR) x PVR.  In practical terms the maintenance of normal heart rate is important for the maintenance of both cardiac output and arterial blood pressure.  Decreases in heart rate decrease both cardiac output and arterial blood pressure.  The important question during anesthesia is what is an acceptable lower heart rate?  The answer to this question varies depending on many factors including the patient’s age, medical history and current health status, but whatever the value selected, it is usually higher than if the patient were not receiving anesthetic drugs.  The reason for this is that anesthetic drugs not only depress heart rate, but also decrease venous return (preload) and cardiac contractile force, two other very important determinants of cardiac output.  Lower acceptable heart rates for normal anesthetized dogs and cats are 60-70 and 80-90, respectively.  Heart rates lower than these values are usually associated with decreases in cardiac output or hypotension in anesthetized patients.


The decision to treat sinus bradycardia during anesthesia is not always straightforward.  The obvious first response to the treatment of sinus bradycardia is to administer an anticholinergic drug (atropine, glycopyrrolate).  Anticholinergic drugs are very effective for treating sinus bradycardia or other cardiac bradyarrhythmias caused by increases in parasympathetic (vagal) tone, but are less effective and often ineffective in treating bradyarrhythmias caused by anesthetic drugs or circulating toxins.  Furthermore, the use of anticholinergics for the treatment of cardiac bradyarrhythmias is not without consequence.  Anticholinergics can produce sinus tachycardia and other cardiac tachyarrhythmias.  Although the latter are relatively rare, increases in heart rate above normal values increases myocardial work and myocardial oxygen consumption, which predisposes to myocardial ischemia and can lead to heart failure in patients with compromised cardiovascular function.  Drugs which are noted for their ability to increase parasympathetic tone and their ability to produce sinus bradycardia and other bradyarrhythmias include the opioids (morphine, oxymorphone, fentanyl), alpha-2 agonists (xylazine, detomidine, medetomidine) and occasionally the phenothiazine tranquilizer, acepromazine.  Bradyarrhythmias produced by any of these drugs almost always respond favorably to anticholinergic therapy.  Sinus bradycardia and other bradyarrhythmias caused by inadvertent anesthetic overdose or an adverse response to anesthetic drugs almost never or only partially respond to the administration of anticholinergic drugs.  The reason for this should be obvious in that increases in parasympathetic tone plays very little or no role in producing the bradyarrhythmia and that the real problem is direct drug induced depression of cardiac automatic or conduction (in the case of 1st, 2nd or 3rd degree heart block) properties.  It should be noted that direct drug induced depression of heart rate is generally associated with myocardial depression resulting in decreases in cardiac output and arterial blood pressure.

Anesthetic drug (intravenous or inhalation) induced decreases in heart rate that are not caused by increases in parasympathetic tone or are associated with low cardiac output and/or hypotension are best treated with catecholamines.  Dopamine is a positive chronotrope and inotrope that can be administered to treat bradyarrhythmias and hypotension in dogs or cats.  Although bolus dosages can be given, the drug is usually administered by infusion (1-5 (g/kg/min) in order to maintain drug effects.  If bradycardia (>50% reduction from normal heart rate) or hypotension become life threatening epinephrine should be administered (0.01 (g/kg).  Although epinephrine is potentially arrhythmogenic, especially in the presence of some inhalation anesthetics (halothane, methoxyflurane), it is the best first choice for the emergency treatment of life threatening bradyarrhythmias or hypotension.  If cardiac arrhythmias are caused by epinephrine, lidocaine (2 mg/kg dogs; 0.5 mg/kg cats) is the drug of choice.

Hypotension:

Hypotension without sinus bradycardia or other cardiac arrhythmias oftentimes goes undetected during anesthesia unless direct or indirect blood pressure monitoring devices are being used.  Although palpation of a peripheral pulse indicates the presence of a heart beat, it is frequently misleading as an estimate of arterial blood pressure, particularly when arterial blood pressure is low.  The question that is often asked in this situation is: When is a weak peripheral pulse too weak to provide adequate perfusion of the tissues?  The best answer to this question in quantitative terms is whenever the mean arterial blood pressure is below 60 mmHg.  This answer, however, implies the ability to accurately assess arterial blood pressure using direct (arterial catheterization) or indirect (doppler, oscillometric) methods.  The best answer to this question when quantitative methods for measuring arterial blood pressure are not available is whenever a weak peripheral pulse leads to poor capillary refill time (>2 sec) pale pink, white, gray or blue mucous membranes.


The major factors which govern the treatment of hypotension during anesthesia are anesthetic depth, blood loss, PCV, TP, heart rate and cardiac contractile force.  Patients with a normal heart rate and palpable apex beat usually respond favorably by lightening the plane of anesthesia (if possible) and fluid therapy (10-20 ml/kg of crystalloid).  Patients with a normal heart rate and weak apex beat may or may not respond to a reduction in anesthetic depth and fluid therapy, oftentimes requiring the administration of a catecholamine (dopamine, dobutamine).  Dopamine (1-5 (g/kg/min) is the preferred drug if the patient is hypotensive and has a low normal or low heart rate.  Dobutamine (1-5 (g/kg/min) is the preferred drug if the heart rate is normal or elevated.  The dosages of both drugs may need to be increased in patients with poor myocardial contractile performance due to anesthetic depression, heart disease or during shock (poor myocardial blood flow).  The administration of blood (1:1 for blood loss) is indicated when the PCV falls below 20%.  Plasma or colloids (dextrans) are generally indicated when the TP falls below 3.5 g/dl.

Cardiac arrhythmias:

Both supraventricular and ventricular arrhythmias are common during anesthesia and surgery.  Supraventricular arrhythmias are generally well tolerated by most patients unless the ventricular rate becomes too slow or too rapid (see above).  The treatment of supraventricular tachycardia, whether a sinus or subsidiary pacemaker, usually involves the use of drugs that suppress sympathetic tone (beta adrenoceptor blockers), directly depress automaticity (Class I and IV antiarrhythmics) or prolong conduction through the AV node.  Both propranolol (0.05-0.1 mg/kg IV) and esmolol (10-15 (g/kg/min) have been successfully used to treat sinus tachycardia during anesthesia.  Quinidine (0.02-0.5 mg/kg IV) is used to treat the acute onset of atrial flutter/fibrillation and beta adrenoceptor blocking drugs and diltiazem (10-15 (g/kg/min) have been used to prolong conduction through the AV node, and thereby, slow ventricular response (slow ventricular rate) during supraventricular tachycardia and atrial flutter/fibrillation.  Diltiazem has also been used during anesthesia for the treatment of flutter/fibrillation.

Ventricular arrhythmias may be of little consequence in otherwise normal, healthy patients but should be treated in any patient when they comprise more than 50% of the ventricular beats, occur in rapid succession, are sustained, are multiform or multifocal and produce poor hemodynamics (poor perfusion and mucous membrane color).  The best first choice antiarrhythmic for almost all ventricular arrhythmias during anesthesia is lidocaine (2.0 mg/kg dogs; 0.5 mg/kg cats IV).  Lidocaine can be administered by infusion (25-50 (g/kg/min) throughout the anesthetic period and during recovery if necessary.  Diazepam (0.1-0.2 mg/kg) is helpful in reducing central nervous system sympathetic tone, which may contribute to the development of ventricular arrhythmias during anesthesia or the recovery period.

UPDATE ON MONITORING CRITICAL PATIENTS

William W. Muir, III, DVM, PhD, DACVECC, DACVA


Let’s assume (big assumption) that the monitor being used is reliable, accurate and dependable.  The first question we have to ask ourselves is what is it that the monitor monitors and of what clinical value (relevance) is this information.  For example, many if not most of the respiratory rate monitors currently being sold to veterinarians monitor the change in temperature of the respired gases (since exhaled gas is warmer than inhaled gas) during a single breath in order to determine respiratory rate.  What is being monitored then is air temperature not air flow.  There are several problems with this type of monitor, the most obvious being that even though this monitor may provide a digital display of “respiratory rate” it does not indicate whether or not an adequate amount of gas (enough to maintain normocarbia and oxygenation) is flowing to sustain normal ventilation.  A similar argument could be levied against the routine use of an EKG machine if it is being used to monitor “cardiovascular status”.  The EKG machine provides a continuous display of the hearts electrical activity from which heart rate and rhythm can be ascertained.  It provides no real indication of hemodynamic function particularly in sick, debilitated or anesthetized patients.  Indeed some patients may be suffering from pulseless electrical activity (normal or near normal EKG but very weak or no peripheral pulse) or electromechanical dissociation (EMD; normal or near normal EKG very poor or no cardiac contractile activity) and may still display a normal EKG.


Monitors that provide the most clinically relevant information regarding the cardiorespiratory systems are those that record and potentially store and trend data that indicate (directly or indirectly) physical function.  Said another way and in the context of currently available equipment they usually detect pressure, flow or volume changes.  A reasonable monitor for the respiratory system, for example, would measure volume-flow over time thereby allowing the calculation of tidal volume and minute volume.  Monitors that display pressure and volume changes simultaneously, and some do, offer the ability to determine whether or not the lung is stiff (low compliance) or is getting stiffer with time and therefore requiring greater inflation pressures to expand and adequately ventilate. An End-tidal CO2 (ETCO2) monitor can be purchased to indirectly assess adequacy of ventilation although such devices are relatively expensive.  Similarly a reasonable monitor of the cardiovascular system would detect arterial blood pressure (systolic, diastolic, mean) and/or blood flow (cardiac output).  The use of devices (doppler, oscillometric, plethysmographic) that noninvasively or indirectly assess arterial blood pressure (NIBP) has become routine at most colleges of veterinary medicine and at many privately owned veterinary hospitals.  Technical limitations aside, these devices (when working properly) provide the clinician with excellent information regarding patient hemodynamic status. Most of the commercially available NIBP machines also provide heart rate and many are combined with pulse oximeters and other noninvasive monitoring modalities (ECG, ETCO2).  Interestingly, but not surprisingly the use of an appropriately placed esophageal stethoscope can indirectly provide important and physiologically relevant information regarding both respiratory and cardiovascular function.  The intensity, duration and quality (frequency spectra) of both breath and heart sounds can be used to determine frequency (rate) and suggest the adequacy of breathing and cardiac contraction.  Breath and heart sound monitors therefore are excellent indicators of cardiorespiratory function when used properly.  Electronic stethoscopes (Welch-Allyn, Hewlet-Packard) offer the potential to amplify and broadcast heart and breath sounds while logging a digital record for future review and analysis.


The clinical use of pulse oximeters has received a great deal of attention in recent years.  What is pulse oximetry, what are pulse oximeters and why is it said “that no monitor of oxygen transport has had a greater impact on the practice of anesthesiology than the pulse oximeter?”


Pulse oximetry is a noninvasive method of monitoring the oxygen carried by hemoglobin in arterial blood vessels.  The instrument that is used to make this measurement is a pulse oximeter of which there are currently more than 15 manufacturers.  The pulse oximeter provides continuous and noninvasive estimates of arterial hemoglobin saturation, which is directly related to the arterial oxygen content and since the measurement is dependent on the sensing of an arterial pulse the device also displays heart rate.  Pulse oximeters use a light source and a photodetector to distinguish oxygenated hemoglobin (O2 Hb) in small arteries from deoxygenated or reduced hemoglobin (RHb) in veins.  The key point to remember is that the pulse oximeter does not detect or measure the Hb concentration or PCV and therefore cannot be used by itself to determine whether or not the patient is adequately oxygenated.  Said another way the patient could have a SaO2 of 100% and still be hypoxic if Hb were acutely reduced to less than 5-7 g/dl (PCV=15=21).

Current pulse oximeters (Masimo: Rainbow 7) can be used to monitor oal-directed fluid therapy during surgery and may reduce postoperative morbidity. The Pleth Variability Index (PVI), derived from the pulse oximeter waveform, has been shown to be able to predict fluid responsiveness in a number of surgical circumstances.
LIMITATIONS OF PULSE OXIMETRY

Because pulse oximeters are designed under the assumption that arterial pulsations (local changes in arterial blood volume) are the only source of variations in light absorbance anything that alters light absorption may lead to erroneous readings.  Furthermore, and because pulse oximeters only emit light at two wavelengths to detect O2 Hb and RHb any light absorbing species other than O2 Hb and RHb (carboxyhemoglobin, COHb; methemoglobin, MetHb) are not accounted for and when present produce erroneous readings (Table 1).

Table 1.  Common Sources of Error in Pulse Oximetry

	
	1.    Low Pulse Pressure

	
	
	Hypotension (Drugs, Shock)

	
	
	Hypovolemia

	
	
	Tachycardia

	
	
	Hypothermia (vasoconstriction)

	
	

	
	2.    Increased venous pulsations

	
	
	Right heart failure

	
	
	Tricuspid regurgitation

	
	
	Tourniquets (automatic indirect arterial blood pressure devices)

	
	

	
	3.    Abnormal pulses

	
	
	Cardiac arrhythmias

	
	

	
	4.    Motion - Artifact

	
	
	Movement

	
	
	Shivering

	
	

	
	5.    Dyshemoglobins

	
	
	Carboxyhemoglobin (carbon monoxide)

	
	
	Methemoglobin (Benzocaine, nitrates, nitrites, metoclopfamide, sulfa drugs)

	
	

	
	6.    Dyes and Pigments

	
	
	Methylene blue

	
	
	Hyperbilirubinemia

	
	

	
	7.    Anemia (Hb, 5 g/dl)

	
	

	
	8.    External light sources (fluorescent light, heat lamps, surgical lamps)

	
	

	
	9.    Electrocautery units

	
	

	
	10.  Poor probe positioning





As stated or implied several times during this discussion, tissue (peripheral) pulsations are required in order for the pulse oximeter to distinguish between light absorption by arterial blood versus background absorption (venous blood, tissues).  Pulse oximeters may provide erroneous and unreliable results or cease to function when peripheral pulsations (pulse pressure) is reduced or absent.  Pulse pressure (systolic pressure - diastolic pressure) is reduced during hypotension, hypovolemia, arrhythmia and hypothermia (Table 1).  Hypotension and hypovolemia produce low arterial blood pressure and weak arterial blood pressures.  Tachycardia whether supraventricular or ventricular in origin limit the time for arterial pressure decay thereby producing small pulse pressures regardless of the mean arterial pressure.  Finally hypothermia that causes intense vasoconstriction will limit tissue blood flow and peripheral tissue pulsations.  Similarly, movement artifacts and increased venous pulsations lead to artificially lowered arterial oxygen saturation because the pulse oximeter interprets changes in light absorption as resulting from an arterial pulse.


The presence of other light absorbing species of hemoglobin other than O2 Hb and RHb (methemoglobin, carboxyhemoglobin) will cause most pulse oximeters to overestimate arterial oxygen saturation.  The Masimo Rad-7 detects Hb and RHb (methemoglobin, carboxyhemoglobin). One potential cause of MetHb in dogs and cats if the use of cetacaine® (benzocaine) sprays prior to endotracheal tube placement.  It should be noted that fetal hemoglobin does not affect the accuracy of pulse oximeters.  The light absorption characteristics of fetal hemoglobin are basically the same as adult hemoglobin. 


It should be intuitively obvious based upon the previous discussion that extraneous blood borne dyes (methylene blue) or substances (bilirubin lipide) that can affect arterial blood light absorption may artificially alter pulse oximeter SpO2 values.  Although the presence of methylene blue in blood is know to potentially lower SpO2 values to as low as 1% the effects of hyperbilirubinemia or hyperlipidemia on SpO2 values are poorly described and controversial.


Anemia is a potential cause of erroneous SpO2 values.  Hemoglobin values of less than 5 g/dL are interpreted as though a low state of perfusion exists (Table 1).  The pulse oximeter produces unreliable SpO2 values because readings are dependent upon light absorption by Hb.  Of greater clinical importance than marginally inaccurate SpO2 values, however, is the fact that the pulse oximeter may display an SpO2 value of 100 percent despite marked decrease in CaO2  because of low Hb values.



Light sources, electrocautery units and poor sensor positioning are all potentially responsible for variable and erroneous pulse oximeter SpO2 readings.  All artificial “white” light sources emit wavelengths in the red and infrared range that can be sensed by the photodetector.  Electrocautery units produce electrical interference (electromagnetic radiation) and poor position often times mimics poor perfusion states.  Regardless of these limitations recent technological advances in LED programming photodetector location and probe design have markedly improved the dependability and versatility of most pulse oximeters in use today.

THE PHYSICAL CHARACTERISTICS AND CLINICAL APPLICATIONS

The design and versatility of most commercially available pulse oximeters has come a long way since their introduction into human medicine.  Many medical equipment manufacturing companies have incorporated pulse oximetry into their anesthetic, surgical, and recovery hemodynamic monitoring devices.  These monitors, however, are large, expensive, and relatively immobile.  Current day pulse oximeters are about twice the size of a VCR remote, battery operated and rechargeable.  Future trends in the design of pulse oximeters will probably include the incorporation of temperature sensing devices and electrocardiographic leads in probes designed for esophageal use.  One particular advantage of rectal or esophageal probes is the elimination of artificial light sources as a potential source of erroneous SpO2 values.  There is no question that pulse oximetry has become “the minimum standard of care” for many human anesthesiologists.  The same may become true in veterinary medicine based on the ability of a pulse oximeter to detect hypoxemia.  One review aptly noted “metaphorically speaking the pulse oximeter is a century standing on the edge of the cliff of desaturation.  It gives no warning when we are approaching the edge, it only tells us when we have fallen off.”  Indeed the continuous digital readout of both SpO2 and heart rate values with temperature and ECG will markedly improve anesthetic monitoring in many veterinary practices.  

The Masimo Rad-7 is the most sophisticated of current day pulse oximeters providing the ability to determine a variety of variables including SpO2 that includes respiratory rate (RR), total hemoglobin (SpHb), methemoglobin (SpMetHb), carboxyhemoglobin (SpCO) and pulse variability index (PVI).  PVI is an automatic measure of dynamic changes in perfusion index (PI) that occurs during the respiratory cycle and is used to determine if, when and how much fluid therapy is needed. [Plethysmography variability index: a new fluid responsiveness parameter. M. Feissel, et al. Critical Care 2009; 13(Suppl 1):P205.]

Acoustic Respiration Rate (RRa™) is a noninvase and continuous assessment of the animals  breathing—facilitating detection of respiratory compromise and/or distress.
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END TIDAL CARBON DIOXIDE MONITORING


End tidal CO2 analysis is a non-invasive method of continuously approximating arterial carbon dioxide partial pressure (PaCO2).  Combined with pulse oximetry end-tidal CO2 monitoring can be considered as an alternative to arterial blood gas analysis in order to assess a patients’ ventilatory and acid/base status where blood gas analyzers are not available.  While blood gas analysis is the “gold standard” for PaCO2, it has the disadvantage of being invasive, expensive and providing only intermittent information.  When used in combination with blood gas analysis to determine alveolar dead space, capnography can be a powerful diagnostic tool in assessing the extent of ventilation-perfusion abnormalities.


End-tidal CO2 is the partial pressure of carbon dioxide in the expired air obtained at the end of expiration.  This value approximates that of alveolar air, assuming that:

	1.  
	Capillary blood and alveolar gas CO2 are in equilibrium

	2.  
	End-tidal CO2 approximates the time weighted average of the ventilation weighted PaCO2 

	3.  
	V/Q mismatch does not exist

	4.  
	Tidal volumes are large enough to displace dead space

	5.  
	Fresh gas flow is low enough to prevent dilution, and sample aspiration is low enough as to not entrain air or interfere with patient ventilation



End-tidal CO2 is a product of three major determinants:

	1.
	the rate of CO2 production by the tissues

	2.
	the rate of exchange of CO2 from the blood to the alveoli

	3.
	the rate of CO2 removal by alveolar ventilation [(tidal volume - dead space)] x frequency



End tidal CO2 can provide information regarding (1) metabolism, (2) circulation, and (3) ventilation.  Most capnographs used in clinical monitoring use infrared absorption spectroscopy to determine the concentration of carbon dioxide in the expired air.  Infrared light, at wavelengths absorbed by carbon dioxide, is passed through the expired gas sample and the concentration is determined according to the Lamber-Beer law.  Capnography is a much more straight forward technology than pulse oximetry in that the sample is removed from the patient and is not subject to corrections for patients background interference.


End-tidal CO2 monitors are available with and without capnographic waveform displays.  The former are more expensive, but provide the user with more information by allowing for the visualization of the capnogram. End-tidal CO2 monitors can be very accurate and provide important clinically relevant information regardless of several articles published in refereed veterinary journals suggesting otherwise.  The key is to know how to use them. End-tidal CO2 that are determined during spontaneous breathing are frequently inaccurate.  The ETCO2 should be determined at the end of exhalation after a controlled (pressure and volume) breath.  This means that the rebreathing bag should be squeezed to deliver an inspiratory pressure of 20 cmH​2O and tidal volume or approximately 15 m/kg and the ETCO2 determined at the end of the breath.  

END TIDAL INHALANT ANESTHETIC MONITORS


End-tidal inhalant anesthetic monitors are used to determine the inhalant anesthetic concentration in the anesthetic circuit.  Most monitors display both inhaled and exhaled inhalant anesthetic concentration. End-tidal inhalant anesthetic monitors are helpful for determining whether or not the anesthetic vaporizer is delivering enough or to much anesthetic and therefore why the patient is waking up or may accidentally  be receiving an overdose of inhalant anesthetic.  Given the multiple inhalant anesthetics available today and the various anesthetic drugs used to produce or supplement anesthesia the use of end-tidal inhalant anesthetic monitors offers another dimension in monitoring and patient safety during inhalant anesthesia.

POINT OF CARE LABORATORY TESTING: HAND-HELD BLOOD GAS AND CLINICAL CHEMISTRY ANALYZERS

Point of care laboratory testing offers the obvious and much needed advantage of being able to perform pH, blood gas (PO2, PCO2) and many clinical chemistry determinations at patient side.  This means that accurate, reliable and rapidly obtained laboratory data is immediately available to the clinician from which critical decisions can be made.  Two units (i-STAT; IRMA) have been evaluated in small animal and equine practice.  Both have performed satisfactorily and are capable of determining pH, blood gases and derived related variables (HCO3).  They both can determine Na, K and Ca+2. The i-STAT offers the additional advantage of being able to determine additional blood chemistry values including BUN, glucose, SpO2, anion gap, Hb and others.  Both instruments are comparably priced (approximately $5000) and the “chips” into which small volumes of blood are injected in order to make the determinations cost from $2-$13.

SUMMARY


Lots of different monitors provide the ability to monitor one, several or all of the variables described above.  Current technologies allow all of the above variables to be monitored simultaneously with a touch screen monitor for less than $10,000.00.  The important issue is to select a monitor that can be integrated into your practice situation and to select a monitor that provides an immediate indication when something is wrong.  This generally means monitoring respiratory rate, ECG and blood pressure.

SIGNIFICANCE AND TREATMENT OF ANESTHETIC ASSOCIATED AND POST-TRAUMATIC CARDIAC ARRHYTHMIAS

William W. Muir, III, DVM, PhD, DACVECC, DACVA


Post-traumatic cardiac arrhythmias are common sequela to blunt thoracic trauma or hypotensive/hypovolemic events that lead to transient to extended periods of myocardial ischemia.  Blunt thoracic trauma can result in myocardial contusion or concussion, which has been demonstrated to have at least two components: direct, generally ventricular, damage to the heart muscle and decreases in myocardial contractile force resulting in reduced cardiac output (Table 1).  Direct cardiac trauma results in a myocardial inflammatory response (traumatic myocarditis), which usually reaches its peak within 12-24 hours after the traumatic event and lasts for 3-5 days.  Occasionally the coronary vasculature is involved which generally increases the severity of heart failure and at the very least increases the magnitude muscle injury and the potential for the development of severe life threatening cardiac arrhythmias.  In situations when the heart muscle has not been directly damaged by the traumatic event cardiac arrhythmias including but not limited to sinus tachycardia or bradycardia, heart block and ventricular arrhythmias can be initiated by blood loss, extensive soft tissue damage, pain, acid-base and electrolyte imbalance (K+) and hypothermia.  If direct cardiac trauma is suspected the clinician should consider a variety of clinical diagnostic tests beyond a physical examination and cardiac auscultation that include electrocardiography, chest x-rays, echocardiography and cardiac enzymes (Table 2).  Although congenitally thought to be a key diagnostic method the ECG does not provide information regarding cardiac contractile performance. The ECG may suggest that myocardial blood flow has been or remains compromised as evidenced by S-T segment changes greater than 0.2 mV in any calibrated ECG lead (preferably Lead II).  Chest x-rays help to determine if there is associated thoracic compromise (pneumothorax, pulmonary contusions, hemothorax, hemopericardium). When ECG changes are not present measurement of cardiac muscle enzymes, particularly cardiac troponin I (> 2.0 ng/ml) is of value in detecting significant myocardial damage.  Other “muscle specific” enzymes including aspartate aminotransferase, lactate dehydrogenase, alpha-hydroxybutyrate dehydrogenase, creatine kinase (CK), CK isoenzyme MB and troponin T do not provide the specificity or sensitivity of troponin I.  A diagnostic (preferably quantitative) echocardiogram should be performed in order to determine ventricular function in order to determine the need for inotropic (dopamine, dobutamine) support.  Finally even when cardiac arrhythmias are not present any dog or cat that has suffered significant trauma should be administered analgesics and lidocaine in order to minimize pain, decrease the potential for development of cardiac arrhythmias, increase the ventricular fibrillatory threshold and improve ventricular function, Lidocaine should be continued for a minimum of three (3) days or until it considered appropriate to terminate therapy.


Cardiac arrhythmias are disorders of heart rate, rhythm, or conduction and are classified arbitrarily based on the heart rate (normal, bradyarrhythmias, tachyarrhythmias); anatomic origin of the rhythm disturbance (SA, atrial, AV, or ventricular); or electrophysiologic mechanism when evident. Keys to recognizing cardiac arrhythmias include an analysis of rate, regularity, patterns, P-QRS relationship, waveform morphology, and conduction intervals.. Rhythm disturbances are common in clinical practice. There are five “general” clinical associations for arrhythmias. Arrhythmias may represent primary electrical disturbances of the heart, often due to structural cardiac disease or channelopathies. Metabolic and endocrine diseases often are associated with arrhythmias: the problem may be reversible if the underlying condition is treated. The autonomic nervous system can initiate or aggravate arrhythmias. Drugs – both cardiac and noncardiac – can affect the electrical activity of the heart. Finally, some clinical disorders are consistently associated with development of cardiac arrhythmias. Examples are VPC’s in the setting of chest trauma, hypotension, hypoxia, gastric dilatation, splenic tumors, or systemic inflammation. 

VENTRICULAR RHYTHMS


Ventricular arrhythmias are common after trauma increasing the potential for sudden death as the rhythm may degenerate into ventricular fibrillation or asystole. Normal ventricular tissues are quiet and only discharge if no other impulse arrives in a suitable period of time. In that case, a ventricular escape complex or escape rhythm will be produced. This is observed most often when the sinus node arrests or if impulses coming from the atria are blocked in the AV node or bundle of His (AV block). If the impulse originates in the ventricular tissues, the QRS complex will appear abnormal and wider since the impulse cannot use the normal rapid-conduction system and current spreads more slowly across myocardial cells. Two other pointers regarding ventricular ectopic beats are these: the T-wave is usually very large and in the opposite direction of the QRS (secondary T-wave change), and there will not be a related P-wave preceding the QRS. If an impulse originates prematurely in the ventricular tissues, the resultant complex is called a ventricular premature complex (VPC or PVC). If VPC’s occur in a series, the rhythm is termed ventricular tachycardia. The ventricles also can flutter (producing sine-wave QRS-T complexes), or fibrillate (disorganized and lethal electrical activity). In very sick animals, death may occur due to asystole, which is essentially ventricular standstill.   Key (must treat) ventricular arrhythmias in traumatized dogs or cats are those that accelerate, are multiform or polymorphic or appear in the T wave of the preceding QRS-T wave complex.

CONDUCTION DISTURBANCES 


The heart rhythm is also influenced by conduction of impulses across the AV node and His-Purkinje system. When P-waves are followed by the QRS complex, but the PR interval is abnormally long, the diagnosis is first-degree AV block. If P waves are intermittently blocked from conduction, this incomplete block is called second-degree AVB. When no P-waves are conducted into the ventricle, the heart relies on an “escape” pacemaker rhythm, and the condition is called complete or third-degree AVB. Conduction delay also can develop in the ventricles. For example, if either bundle branch is diseased the current will travel to the other ventricle first, finally activating the blocked area via slow myocardial cell to cell spread. This leads to a wide and often abnormally oriented QRS complex that was actually created by a supraventricular stimulus, but resembles an ectopic ventricular beat. The key is identification of an associated P-wave (or atrial fibrillation wave) that precedes the QRS and appears to be related.   Second and third degree heart block, although uncommon can occur in dogs or cats with traumatic myocarditis.

Antiarrhythmic drug dosing varies and drug safety is highly dependent on ventricular function and proarrhythmic effects. General canine dosing guidelines are: 

· Amiodarone (5 mg/kg IV as a slow infusion; 10 mg/kg PO daily x 2 weeks; thereafter 4–6 mg/kg PO daily)

· Atenolol (0.5–1 mg/kg PO q12h; reduce dosage at least 50% in CHF)

· Diltiazem (0.05 to 0.1 mg/kg slow IV boluses; 3–6 mg/kg total daily dose, divided b.i.d. or t.i.d. depending on the preparation. Initial doses in CHF should be lower – 1.5 mg/kg total daily dose – and then can be rapidly uptitrated)

· Esmolol (50–200 micrograms/kg/minute IV infusion)

· Lidocaine (2 mg/kg boluses IV to 8 mg/kg cumulative dose; thereafter, 25–75 micrograms/kg/min constant rate infusion)

· Mexiletine (5–8 mg/kg PO q8h)

· Procainamide (2 mg/kg slow IV boluses to 20 mg/kg cumulative dose; 10–20 mg/kg PO q8h of long-acting preparation)

· Sotalol (1–2 mg/kg PO q12h). 

     Effective use of any antiarrhythmic drug depends on clinical response and experience. Hypokalemia and hypomagnesemia can nullify the beneficial effects of class I agents while exacerbating pro-arrhythmic effects of Class III agents. There is very little published information regarding clinical antiarrhythmic therapy of dogs and virtually none for cats. Every drug used to treat arrhythmias is considered an extralabel drug in veterinary practice and treatment recommendations are based mainly on clinical experience. Additional effects from activation/block of the autonomic nervous system and depression of myocardial contractility may occur. Most antiarrhythmic drugs demonstrate a proarrhythmic effects in a percentage of patients. Even beta-blockers can be proarrhythmic indirectly by slowing heart rate and prolonging cell cycle length. Thus antiarrhythmic therapy a true risk: benefit proposition. 


 Sinus bradycardia is treated with atropine, glycopyrrolate, or catecholamines in the hospital; oral anti-cholinergic or sympathomimetic drugs can be tried for chronic management (but cardiac pacing is better).  Therapy of atrial tachycardia/flutter/fibrillation depends on the goal, namely rhythm versus heart rate control. Digoxin (with co-existing CHF), diltiazem, and beta-blockers slow AV nodal conduction and resultant heart rate. Sotalol, amiodarone, and procainamide are used for rhythm control. In re-entrant supraventricular tachycardia with an accessory pathway, diltiazem and procainamide are reasonable initial treatments prior to referral. Electrical cardioversion and radiofrequenqcy catheter ablation represent advanced therapies for selected supraventricular tachyarrhythmias. For high grade or complete AV block, atropine rarely works and cardiac pacing is the preferred hospital and long-term therapy. Ventricular arrhythmias are managed in the hospital with lidocaine, procainamide, esmolol, magnesium salts, amiodarone, or synchronized cardioversion. Chronic treatments in dogs include sotalol, mexiletine, amiodarone, or beta-blockers with procainamide and propafenone used less often. 
    The following table summarizes some of the more common uses of anti-arrhythmic drugs in dogs and cats. 

	Table 1. Types of Blunt Cardiac Injury

	Blunt cardiac injury with minor ECG or enzyme abnormality

	Blunt cardiac injury with complex arrhythmia

	Blunt cardiac injury with coronary artery thrombosis

	Blunt cardiac injury with cardiac failure


Modified from permission from Mattox KL, Flint LM, Carrico CJ, et al. Blunt cardiac injury. J Trauma 1992; 33(5):649-650 (3).

	Table 2. Modalities used in the assessment of blunt chest trauma

	History and physical examination

	Plain radiograph

	Cardiac enzymes

	
	Cardiac troponin l (cTnl)

	Echocardiography

	
	Transthoracic echocardiography (TTE)

	Continued Monitoring

	
	ECG

Blood pressure

	
	


Table 3. Antiarrhythmic Therapy – Overview 
	As discussed under the individual antiarrhythmic drugs, more than one agent may be indicated for the treatment of a specific arrhythmia. Preference of one drug or treatment over another often is based on clinical experience and most often, represents personal preference. Some drugs are more likely to depress heart function and ABP, while others have a better adverse-risk profile. Some guidelines are indicated below:

	· Sinus bradycardia – atropine, glycopyrrolate, or catecholamines in the hospital; oral anti-cholinergic or sympathomimetic drugs can be tried for chronic oral management, but cardiac pacing is better and leads to an excellent result in experienced hands (provided other organ systems are stable and there are no other serious cardiac diseases such as advanced valvular endocardiosis with mitral regurgitation). 

	· Sinus tachycardia – Manage reason for high sympathetic tone (ex. pain); digoxin (for HF in dogs); beta-blocker for inappropriate sinus tachycardia, as with drug toxicity/overdose, 

	· Supraventricular tachyarrhythmias 

	· Commonly used: digoxin (with HF), diltiazem, beta-blockers. These drugs may suppress the arrhythmia but more often result in heart rate control by blocking the AV node. 

· In atrial fibrillation in the setting of HF, combined therapy with digoxin and diltiazem (and eventually a beta-blocker) will generally achieve the best HR control. 

	· Less often used: amiodarone, sotalol, procainamide, and lidocaine. Lidocaine will infrequently convert acute onset, “vagally induced”, atrial fibrillation in an otherwise normal atrium. The other drugs are generally indicated for dogs with combined arrhythmias (atrial + ventricular) or when attempting to chronically suppresss atrial arrhythmias or prevent recurrence of atrial fibrillation following drug or DC cardioversion.  

	· AV block – atropine or catecholamines can be tried for hospital management but are infrequently effective for high-grade blocks. Cardiac pacing is preferred treatment for both acute and chronic symptomatic AV block. Outcome is very good when pacing is done by experienced individuals and the cardiac status is otherwise normal. 

	· Ventricular arrhythmias 

	· Commonly used: lidocaine, procainamide, esmolol, magnesium salts for hospital therapy 

	· Commonly used: sotalol, mexiletine, beta-blockers, amiodarone for chronic therapy in dogs 

	· Less often used: procainamide, propafenone in dogs 

	· Commonly used: beta-blockers for chronic therapy in cats

	· Less often used: sotalol or procainamide in cats 

	· Arrhythmias in setting of HF

	For atrial fibrillation

· Begin with digoxin and then add diltiazem; target heart rate response is 120 to 160 in the hospital. Diltiazem must be up-titrated. If using a long-acting preparation, calculate the total daily dose and divide b.i.d. 

· With control of CHF, a beta-blocker can be considered for both cardioprotection and further rate control. If the heart rate decreases to <100/minute, reduce the dosage of diltiazem. 

	· Ventricular arrhythmias often develop with or without HF in dogs following severe trauma. They are frequently only partially responsive to therapy but rarely deteriorate into polymorphic rhythms or ventricular fibrillation.
· Lidocaine, Mexiletine or procainamide (+/– beta–blocker such as carvedilol or atenolol) is most often used to control ventricular tachycardia in the HF patient. 

· Sotalol is an effective anti-arrhythmic, but demonstrates prominent beta–blocking properties, and should not be prescribed in the setting of uncontrolled CHF since it cannot be “up-titrated” easily in this setting. 

· Amiodarone is also a negative inotropic drug, but is preferable to sotalol in the setting of CHF and also may be better tolerated than mexiletine in some dogs. 

· Mexiletine often leads to GI or neurological side effects in dogs with CHF but is least depressant to myocardial function. 


