• Miller-Clinical Measures of Depth of Anesthesia 

The clinical measures of depth of anesthesia to be discussed derive directly from the patient. The measures of anesthetic effect represent normal physiologic responses that can be quantitated and are used in clinical practice. Electrophysiologic techniques are discussed in a later section. 

Inhaled Anesthetics 

Movement Response and the MAC Concept 

The purposeful movement of a body part in response to noxious perioperative stimuli is one of the most useful clinical signs of depth of anesthesia. Using this movement to quantitate depth of anesthesia induced by potent inhaled anesthetics, Eger and Merkel and their colleagues 17, 65  defined MAC as the minimum alveolar concentration of inhaled anesthetic required to prevent 50 percent of subjects from responding to a painful stimulus with “gross purposeful movement.” Readers are referred to the excellent review articles that document the development of the MAC concept and its many applications in anesthesia. 66, 67  The MAC concept has four basic components: (1) an all-or-none (quantal) movement response must occur after applications of supramaximal noxious stimulus; (2) end-tidal concentrations of anesthetic in the alveoli, considered an equilibrated sample site, are used as an indication of the concentration of anesthetic in the brain; (3) appropriate mathematic quantitation of the relationship between the alveolar concentration of anesthetic and the quantal response is used to estimate MAC; and (4) MAC can be quantitated for altered physiologic and pharmacologic states. 

For determination of MAC in humans, the standard noxious stimulus has been the initial surgical skin incision. 17  Skin incision represents a reproducible form of supramaximal surgical stimulation. There has been no systematic examination of other perioperative surgical stimuli (e.g., peritoneal traction) representing more profound surgical manipulation than skin incision or endotracheal intubation. For determination of MAC in animals, the standard stimulus has been application of a surgical clamp to the base of the tail. After examining other noxious stimuli in dogs, Eger et al 17  concluded that tail clamping represented the most noxious stimulation that was clinically reproducible and not excessively traumatic. Response to stimulation must entail a positive, gross, purposeful muscular movement, usually of the head or extremities. Twisting or jerking of the head is considered a movement response, but twitching or grimacing is not. Coughing, rigidity, swallowing, and chewing are not considered positive movement responses, nor is movement of an incised extremity. 

The MAC concept has been expanded by evaluating other clinical end points or stimuli. Stoelting et al 68  determined the MAC of anesthetic that would allow opening of the eyes on verbal command during emergence from anesthesia (“MAC awake”). This stimulation is less intense than surgical skin incision, and response occurs at lower concentrations of anesthetic than movement to skin incision. Yakaitis et al 69  determined the MAC of anesthetic that would inhibit movement and coughing during endotracheal intubation (“MAC intubation”). This event is significantly more stimulating than skin incision; therefore, elimination of the subsequent response requires higher concentrations of anesthetic than does elimination of the movement response. Finally, Roizen et al 70  investigated the MAC of anesthetic necessary to prevent adrenergic response to skin incision (“MAC BAR”), as measured by the concentration of catecholamine in venous blood. When one examines the values for (1) MAC awake, (2) MAC skin incision, (3) MAC intubation, and (4) MAC BAR, one sees a family of concentrationresponse curves, the separation of which depends on the noxious stimuli used to elicit the response. 

Zbinden and colleagues 71  undertook a comprehensive examination of the effects of different noxious stimuli on the purposeful movement response with isoflurane. Twenty-six healthy surgical patients were administered isoflurane only with adequate inspired/end-tidal equilibration. Multiple noxious stimuli were applied at varying end-tidal isoflurane concentrations. From the resulting data, the authors were able to define a family of concentration versus response curves for different noxious stimuli, as displayed in Figure 29–6 . The end-tidal isoflurane concentrations that resulted in a 50 percent probability of no movement response for different stimuli were as follows: verbal responsiveness, 0.37 percent; trapezius muscle squeeze, 0.84 percent; 50-Hz electrical tetanus, 1.03 percent; laryngoscopy, 1.0 percent; skin incision, 1.16 percent; and laryngoscopy with intubation, 1.76 percent. This study demonstrates how varying stimuli require different isoflurane concentrations to prevent a clinical response and can be used to define isoflurane anesthetic depth. 
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FIGURE 29–6 Logistic regression analysis of the end-tidal isoflurane concentration relative to the predicted probability of no movement response for different noxious stimuli. Bars indicate the 95 percent confidence bounds to the end-tidal concentration with a 50 percent probability of response. I, laryngoscopy/intubation; L, laryngoscopy; S, trapezius muscle squeeze; SI, skin incision; T, tetatic nerve stimulation. (Modified from Zbinden et al71 )

A second component of the MAC concept involves the use of the alveolar concentration of an anesthetic as an indication of drug concentration. Because the concentration of gas is defined as a percentage of one atmosphere, it is independent of barometric pressure and elevation. Additionally, partial pressures of inhaled anesthetics at equilibrium should be similar in all body parts, such as alveolus, blood, and brain. Thus, the measured end-tidal concentration of anesthetic (representative of the alveolar concentration) is in direct proportion to the underlying concentration in the brain. Because cerebral blood perfusion is large, it is possible to achieve an equilibration among end-tidal, alveolar, arterial, and brain anesthetic partial pressures within 15 minutes of exposure to a constant end-tidal anesthetic concentration. 

Eger and Bahlman 62  quantitated the difference between arterial concentrations of halothane and the end-tidal expired concentrations of halothane. If the difference between the inspired and end-tidal anesthetic concentrations was less than 10 percent, the difference between the end-tidal and arterial concentrations would be minimal. In the early literature on MAC, the end-tidal concentration of anesthetic was frequently called the “anesthetic dose,” and the MAC relationship was referred to as a “dose-response curve.” However, Waud and Waud 63  pointed out that this terminology was incorrect, because the MAC concept really describes a concentration versus response relationship. These investigators also believed that a major contribution of the MAC concept was to turn attention from the inspired concentration of an anesthetic to the equilibrated alveolar concentration of the anesthetic, a more accurate and precise reflection of the concentration of the drug in the brain. 

A third component of the MAC concept involves the use of appropriate mathematic approaches to quantitate the relationship between dose and response. The original MAC concept of Eger and colleagues 17  used a “bracketing approach” in humans and animals. In an individual patient, a fixed end-tidal concentration of anesthetic was achieved, and the response to a single skin incision was observed. Depending on the patient‘s response or lack of response, the next patient received a higher or lower concentration. A single measurement was obtained per patient. Patients were studied over a range of end-tidal concentrations. They were placed in groups of four; the subject having the lowest end-tidal (alveolar) concentration of anesthetic was the first to be studied. For each group, the percentage of patients moving in response to stimulation was plotted against the average end-tidal concentration for that group. A visual line of “best fit” through these points yielded the concentration at which 50 percent of patients would respond (i.e., the MAC). Figure 29–7 is an example of this analysis, using the concentration versus response data gathered for halothane alone, for halothane with morphine premedication, and for halothane with 70 percent nitrous oxide. Both morphine premedication and 70 percent nitrous oxide decreased the MAC value for halothane. 72  
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FIGURE 29–7 Minimal alveolar concentration (MAC) necessary to prevent movement in 50 percent of subjects subjected to a noxious stimulus (MAC) was determined for three combinations of halothane: (1) with oxygen only; (2) with oxygen and a morphine premedication (0.15 mg/kg IM), and (3) with 70 percent nitrous oxide (N2O). The anesthetic requirement for halothane is greatly decreased by nitrous oxide, and less so by premedication with nitrous oxide. (Modified from Saidman and Eger72 )

In animal studies, it was possible to manipulate the end-tidal concentration of anesthetic and to apply the tail-clamp stimuli on multiple occasions. A MAC value can be obtained for each animal by sequentially increasing or decreasing the end-tidal concentrations to bracket the value between movement and no movement. de Jong and Eger 73  extended the analysis of MAC data by using more appropriate mathematic/statistical techniques to quantitate the relationship between alveolar anesthetic concentration and response/no response data. A nonlinear logistic regression analysis was used to estimate the probability of no movement at any given end-tidal concentration. 64  The logistic regression analysis produced values for MAC comparable to those produced by the bracketing technique. Logistic regression allowed estimation of the variance associated with the estimate of MAC. It was also possible to extrapolate the probability of movement from 50 percent to any given probability within the curve. Thus evolved the concept of end-tidal concentration of anesthetic that inhibited response in 95 percent of patients. Waud and Waud 63  argued that MAC defines only one point on a hypothetic curve that plots the concentration of anesthetic against one index of depth of anesthesia. Because there are no other experimentally defined points on this curve, one cannot be certain that such curves are indeed parallel for different anesthetics or stimuli. This lack of certainty theoretically limits one‘s ability to infer that multiples or fractions of MAC represent equal levels of CNS depression for different anesthetics. To address this issue properly and to define the complete curve for anesthetic concentration versus response adequately, one would need a continuous measure of anesthetic effect. In the absence of such a clinical measure, indirect reasoning must be applied to the question of the soundness of adding MAC multiples or of combining MAC values for different anesthetics. Investigators have examined the relationship between MAC skin incision and a more noxious stimulus, MAC intubation 69  or a less noxious stimulus, MAC awake. 68  When different inhaled anesthetics are compared, the ratio of MAC skin incision to MAC intubation or MAC awake is relatively constant. When the possible relationship between synergism and antagonism of four different potent inhaled anesthetics was examined relative to nitrous oxide, no evidence of a relationship could be demonstrated. 74  Thus, there is only indirect evidence that MAC values can be added. 

A fourth feature of MAC is that it has served as a sensitive tool to determine the interaction of other anesthetics and CNS drugs with the inhaled anesthetics. Other drugs used in anesthesia decrease anesthetic requirement, as measured by a reduction in MAC. In addition, numerous altered physiologic states (e.g., aging) change the requirements for inhaled anesthetics. Several review articles have described the many studies applying the MAC concept to the clinical practice and science of anesthesia. 66, 67 Table 29–1 summarizes the results of these studies regarding the factors that affect the MAC. 

TABLE 29–1. Factors That Affect Minimum Alveolar Concentration 

Much of the previous research on MAC assumed that the lack of movement response from inhaled anesthetics was due to the anesthetic effects on the central, cortical brain tissues. Rampil et al 75  suggested that the spinal cord may represent a major site of action for inhaled anesthetics. Their studies demonstrated that the MAC of isoflurane in rodents was identical in value for intact animals to that of rodents who have been decorticate or decerebrate, a finding suggesting that the main ability of inhaled anesthetics in preventing purposeful movement occurs at the spinal cord level. 75, 76  Antognini and Schwartz 77  also drew the same conclusions from experiments whereby they determined MAC in the goat by having the animal‘s brain isolated from the remainder of the body using a complex cardiopulmonary bypass procedure. These investigators demonstrated that the MAC value for the goat was approximately twice as large when the brain only was exposed to isoflurane relative to when both the brain and spinal cord were exposed to the anesthetic. These series of studies strongly suggest that the response to purposeful movement is achieved by the inhaled anesthetic at both cortical and subcortical anatomic levels. 

Other Clinical Responses 

The movement response to noxious stimuli is not commonly used in clinical practice. The extensive use of muscle relaxants makes interpretation of movement both difficult and imprecise in most clinical circumstances. In certain clinical situations, movement of the patient would interfere with the surgical procedure. Therefore, other signs have been investigated as possible clinical measures of depth of anesthesia: the rate and volume of ventilation in spontaneously breathing subjects, eye movement, the diameter and reactivity of pupils to light, heart rate, arterial blood pressure, and autonomic signs such as sweating. 

It has not been possible to use these clinical signs to generate uniform measures of depth of anesthesia for inhaled anesthetics. Although some clinical signs do correlate with depth of anesthesia for certain inhaled anesthetics, the same cannot be said for other inhaled anesthetics. In a study of clinical signs and inhaled anesthetics, Cullen et al 78  examined the relationship between alveolar concentration of inhaled anesthetics and clinical signs of depth of anesthesia in both volunteers and surgical patients. Clinical signs were found to change in usefulness over time. For example, during the first hour of halothane anesthesia, decreasing mean arterial blood pressure was the only useful clinical sign of depth of anesthesia; that is, increasing concentrations of halothane caused a progressive decrease in arterial blood pressure, whereas heart rate remained constant. Moreover, the pupils were constricted and nonreactive, and there was no eye movement or tearing. However, after 5 hours of halothane anesthesia, further increases in concentration no longer caused a decrease in arterial blood pressure. This previously useful sign of depth of anesthesia had been eliminated. For cyclopropane, diethyl ether, and fluroxene, only pupillary dilation and reduced pupillary activity correlated with changes in the concentration of anesthetic. Mean arterial blood pressure did not change as the concentration of anesthetic increased. 

Cullen and coworkers 78  also found that skin incision modified most clinical signs of drug effect. For example, during anesthesia with halothane and oxygen, heart rate, respiratory tidal volume, and pupil diameter increased after skin incision. Systolic and diastolic blood pressures and respiratory rate did not change. After 12 minutes of surgical incision and manipulation (and unchanged concentrations of halothane), heart rate, tidal volume, and pupil diameter decreased to preincision levels. The clinical response during isoflurane/oxygen anesthesia was different. After skin incision, systolic and diastolic blood pressures and heart rate increased. The pupils dilated in some subjects. No patient moved in response to incision. In general, the increases in blood pressure and heart rate persisted throughout the first hour of surgery, even though higher concentrations of isoflurane were being given. 

Zbinden and colleagues 79  systematically examined the interaction of isoflurane concentrations with the hemodynamic response to different noxious stimuli. In 26 healthy surgical patients receiving different equilibrated end-tidal concentrations of isoflurane, the following noxious stimuli were applied, several of them on multiple occasions: trapezius muscle squeeze, 50-Hz electrical tetanus, laryngoscopy, laryngoscopy with intubation, and skin incision. With the continuous recording of intra-arterial hemodynamics, acute increases of heart rate and systolic blood pressure were recorded and were related to the isoflurane concentration and presence or absence of purposeful movement. Table 29–2 presents the absolute increase of systolic blood pressure and heart rate at the isoflurane end-tidal concentration that had a 50 percent probability of no purposeful movement for that specific stimulus. Different noxious stimuli result in different degrees of hemodynamic response. There is a relative rank order of the degree of hemodynamic response, with laryngoscopy and intubation being the most intense stimuli. Multiple regression analysis demonstrated that the type of stimulation had the highest influence on the blood pressure increase, with the isoflurane concentration the least important. Figure 29–8 presents the baseline systolic blood pressure and subsequent increase in systolic pressure at a measured isoflurane concentration for the subjects receiving a skin incision. The shaded areas represent the linear regression relationship of isoflurane concentration versus prestimulus and poststimulus systolic blood pressure. Increasing isoflurane concentration did not prevent the increase of systolic blood pressure, even at very high end-tidal concentrations. Rather, increasing isoflurane concentration only decreased the prestimulation systolic pressure such that the noxious stimuli returned systolic pressure closer to the normal, awake values. Similar results were found with the other noxious stimuli on both heart rate and systolic blood pressure response, with the degree of hemodynamic response determined by the nature of the noxious stimuli. 

TABLE 29–2. Hemodynamic Response to Defined Noxious Stimuli Under Isoflurane Anesthesia 
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FIGURE 29–8 Response of systolic blood pressure (BP, in mm Hg) to skin incision as a function of end-tidal isoflurane concentration. &squf;, systolic blood pressure values before stimulation. ?, systolic blood pressure values after stimulation. Single oblique lines: The lower line is the regression line to the systolic blood pressure before stimulation (using all values of all preoperative stimuli, r = –.46). The upper line is the regression line to the blood pressure after skin incision (using only the values of the stimulation pattern under consideration). The correlation coefficient r to these lines is indicated in the figure. Shaded area, 95 percent confidence interval for regression lines; vertical arrow, median effective (ED50) isoflurane concentration for the motor response of the stimulation pattern under consideration. (From Zbinden et al79 )

The clinical implications of these data relative to judging anesthetic depth from hemodynamic response for inhalational anesthetics are significant. When used as a sole agent, even at high concentrations, isoflurane is unable to suppress hemodynamic responses to noxious stimuli. Rather, the hemodynamic control seen with high isoflurane concentrations occurs from a decrease of the prestimulation hemodynamic baseline. Thus, although hemodynamic responses are the most commonly used clinical measures to judge inhalational anesthetic depth of anesthesia, the scientific basis for this certainly is not obvious. In clinical practice, additional anesthetic drugs are commonly used with inhalational anesthetics. Daniel et al 80  examined how fentanyl (0–3 g/kg) and 60 percent nitrous oxide alter the heart rate, mean arterial blood pressure, and catecholamine response (components of MAC BAR) during desflurane and isoflurane anesthesia. Fentanyl, 1.5 g/kg, reduced MAC BAR for desflurane from 1.3 to 0.4 MAC and for isoflurane from 1.3 to 0.55 MAC. Increasing the fentanyl dose to 3 g/kg did not cause further change of the MAC BAR values for both inhalational anesthetics. This study suggests that the addition of analgesic components, such as nitrous oxide and fentanyl, can prevent the sympathetic stimulation and hemodynamic responses seen with noxious surgical stimuli when inhalational anesthetics are used. 

Eger‘s 81  review of the subjective interpretation of clinical signs of depth of anesthesia found increasing pupil diameter to be of limited value during halothane, enflurane, isoflurane, or methoxyflurane anesthesia. Premedication with opioids eliminates the usefulness of this clinical end point. Pupillary response to light is rapid and brisk with small amounts of the inhaled anesthetic; however, the response becomes sluggish, and the pupils do not respond at deeper levels. Eye movements may suggest a light level of anesthesia. Eyelash and corneal reflexes disappear once a surgical level of anesthesia has been achieved and normally do not return at useful surgical depths of anesthesia. 

Decreasing arterial blood pressure is the most commonly used sign of increasing depth of anesthesia for halothane or enflurane anesthesia. However, many factors modify the balance between the increase in autonomic cardiovascular activity caused by surgical stimulation and the depression in cardiovascular function caused by potent inhaled anesthetics. These factors include blood volume, cardiac contractility, sympathetic tone, age, and acid-base status. Surgical stimulation also increases blood pressure to a variable degree. Change in blood pressure is also not a useful clinical sign for inhaled anesthetics that cause sympathetic stimulation, such as cyclopropane, diethyl ether, and fluroxene. Pulse rate is a relatively poor sign, because it can be influenced by many factors. Pulse rate is modulated by baroreceptor function, which is sensitive to arterial pressure and its changes. Some anesthetics, such as enflurane and isoflurane, can actually increase pulse rate independent of the surgical stimulation or changes in blood pressure. Such an increase could lead to incorrect decisions regarding dosage. 

All inhaled anesthetics depress ventilation and can ultimately cause apnea. This clinical sign is useful only during spontaneous ventilation. Inhaled anesthetics decrease tidal volume in a dose-related fashion, whereas respiratory rate increases in an amount that may sustain minute ventilation (but not necessarily alveolar minute ventilation) at normal levels. Surgical stimulation modifies respiratory depression, frequently returning alveolar minute ventilation to normal values. At light levels of anesthesia with inhaled anesthetics, adverse respiratory events such as breath-holding, coughing, and laryngospasm may occur. These respiratory events are very sensitive to the nature and degree of noxious stimulation. Normally, deeper levels of anesthesia eliminate these reflex responses. 

For potent inhaled anesthetics, the MAC concept has provided clinical anesthesia with an abundant body of knowledge regarding factors that affect depth of anesthesia and the requirement for anesthetic agents. It is unfortunate, however, that the movement response is not used extensively in clinical practice. The many clinical measures that have poor or unpredictable utility when evaluated scientifically (blood pressure or pulse) have become the mainstay of clinical assessment of depth of anesthesia in routine clinical practice. 78  

Opioids 

Opioid analgesics are used extensively for premedication, as a supplement to regional and general anesthesia, as the primary anesthetic agent, and as an analgesic for postoperative pain (Ch. 10). The narcosis produced by these drugs through specific receptor systems within the CNS decreases autonomic, endocrine, and somatic responses to noxious stimulation. However, efficient use of opioids that maximizes benefit and limits toxicity can be challenging. The difficulty arises when one attempts to monitor opioid drug effects rapidly and carefully during their intraoperative application. 

Opioids as Complete Anesthetics 

In 1947, Neff et al 82  used meperidine as an intravenous supplement to nitrous oxide/oxygen anesthesia in what is now known as a “balanced anesthesia” technique. The later use of opioids as complete anesthetics coincided with the development of cardiac surgery and intensive care during the early 1960s. Providing anesthesia for patients with severe valvular or congenital heart disease without causing cardiovascular collapse was problematic prior to the use of the opiates. These early cardiac surgery patients were extremely ill and had little or no circulatory reserve. During the late 1960s, Lowenstein et al 83  noted the hemodynamic stability of patients undergoing mechanical ventilation who were given frequently large doses of intravenous morphine to suppress respiration in the intensive care units. This observation encouraged Lowenstein and coworkers to become the first to administer morphine (0.5–3.0 mg/kg) as a complete anesthetic. The resulting cardiovascular stability in acutely ill patients with acquired valvular heart disease was impressive. As cardiac surgery advanced in methodology, patients with ischemic heart disease began to undergo surgical anesthesia. Unfortunately, morphine anesthesia was less satisfactory for these patients, who developed hypertension, tachycardia, and awareness during surgery, in contrast to those patients with valvular heart disease. 83  

In 1978, Stanley and Webster 84  introduced the concept of high-dose fentanyl for cardiac anesthesia. This technique minimized the undesirable effects of morphine on induction (hypotension) and provided better hemodynamic stability in patients with good ventricular function and ischemic heart disease. As clinical experience with fentanyl increased, however, investigators found that even increasingly large doses of fentanyl could not always produce a complete anesthetic state in all subjects. 85  This discovery raised the important issue of whether opioids are complete anesthetics. 

Human and animal studies show that opioids are not complete anesthetics. Wynands et al 86  used moderate to large doses of fentanyl (50–150 g/mL) and measured plasma concentrations at defined surgical stimuli (intubation, skin incision, sternotomy, aortic root dissection) in patients with good ventricular function who were undergoing coronary surgery. Figure 29–9 shows the relationship among drug concentrations, stimulation, and hemodynamic response. In approximately 20 percent of patients, extremely high plasma concentrations of fentanyl (15 ng/mL) did not eliminate hemodynamic responses, defined as a 20 percent increase in systolic blood pressure. These results have been confirmed by Hynynen and colleagues 87  and Philbin et al. 88  [image: image4.png]® Hypertensive
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FIGURE 29–9 Plasma concentration of fentanyl at the time of certain clinical stimuli, along with the presence or absence of hypertension. During sternotomy and aortic dissection, even high plasma concentrations of fentanyl (>15 ng/mL) do not always prevent hypertension. (Modified from Wynands et al86 )

The investigations conducted by Murphy and Hug 89  in measuring depth of opioid anesthesia in animals (dogs) also address the issue of whether opioids are complete anesthetics. These investigators examined the ability of fentanyl to decrease enflurane MAC. They first anesthetized the dog with enflurane and determined MAC. Several infusions of fentanyl at progressively higher rates were used to obtain a constant steady-state plasma concentration of fentanyl in each animal. After each increase in infusion rate, enflurane MAC was determined again. Measurement of opioid concentrations in blood samples ensured that several different steady-state plasma concentrations of fentanyl were obtained in each animal. Murphy and Hug found that even high plasma concentrations of fentanyl (20 ng/mL) did not decrease enflurane MAC beyond 60 to 70 percent of its initial value (Fig. 29–10). That is, there was a ceiling to the enflurane-sparing effect. Morphine, sufentanil, and alfentanil also decrease enflurane MAC and have a similar ceiling effect in dogs. 90, 91, 92  
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FIGURE 29–10 Percentage reduction in enflurane minimum alveolar concentration (MAC) as a function of the logarithm of the plasma concentrations of fentanyl. Each point represents the mean concentration (±SEM) for fentanyl in plasma and the average percentage (±SEM) reduction in enflurane MAC. Numbers of dogs below the vertical standard-error bars indicate the number per data point. (From Murphy and Hug89 )

Stimulation by tail clamping in dogs anesthetized with sufentanil and enflurane produces nearly equivalent increases in heart rate and blood pressure, whether the animals move or not. 90  This observation suggests that hemodynamic and somatic signs are not equally good indicators of depth of anesthesia. When the agonist-antagonist analgesics butorphanol and nalbuphine were examined using this model, enflurane MAC could only be decreased by 11 and 8 percent, respectively. 92  Therefore, the agonist-antagonist analgesics have markedly lower maximal anesthetic effects than the pure opioid agonists. Even massive doses of fentanyl (3,000 g/kg with no use of supplemental analgesics) produce a very temporary and transient anesthetic state, as judged by absence of response to tail clamping. 93  

Ardnt et al 94, 95  attempted to develop a trained, unanesthetized, spontaneously breathing dog model to examine the relationship between plasma concentration of fentanyl or alfentanil and clinical signs of depth of anesthesia. They measured hemodynamic and movement responses at low opioid doses that resulted in moderate ventilatory depression. Interpretation of their data is confounded by their use of increasingly large intravenous administered bolus doses of each opioid. Thus, all plasma concentrations of opioids were measured in a non–steady-state environment, and an unknown degree of disequilibrium existed between drug concentration and clinical responses. However, their data appear to confirm the observation of Hug and colleagues that the plasma concentration of fentanyl and alfentanil at which maximal anesthetic effects occur in dogs are very similar to those for humans. McEwan and colleagues 96  undertook similar studies in humans, thus characterizing the decrease of isoflurane MAC with varying constant fentanyl plasma concentrations achieved with a computer-driven infusion pump. Movement response to initial skin incision was examined relative to end-tidal isoflurane concentrations. McEwan and coworkers 96  found very similar results in humans to those observed by Hug‘s group in dogs (see earlier). Isoflurane MAC decreased 39 percent at a steady-state fentanyl plasma concentration of 1 ng/mL and 63 percent at a fentanyl plasma concentration of 3 ng/mL. Increasing fentanyl plasma concentrations to more than 3 ng/mL produced a minimal further reduction of isoflurane MAC. The maximal MAC reduction was 82 percent at a steady-state fentanyl plasma concentration of 10.6 ng/mL. Similar MAC reduction results have been obtained with other inhaled anesthetics (desflurane, sevoflurane) and other opiates (alfentamil, sufentanil, remifentanil). 97, 98  

As mentioned earlier, different investigations show that high-dose opioid anesthesia does not induce complete anesthesia. It has not been possible to identify why or which 30 to 40 percent of patients undergoing coronary artery bypass will have a hemodynamic response to noxious stimuli during even high plasma concentrations of fentanyl. Therefore, it has not been possible to use autonomic responses to noxious stimuli as reliable and predictable measures of depth of anesthesia. If a patient shows clinical signs of responsiveness, the administration of additional opioid may or may not result in hemodynamic control. If it does not, the extra opioid will certainly prolong postoperative respiratory depression and may delay emergence from anesthesia. Thus, no consistent and reliable clinical signs exist that can be used to quantitate depth of anesthesia induced by opioids. Current clinical practice supplements high-dose opioids with amnestic drugs (benzodiazepines) or low concentrations of potent inhaled anesthetics. Profound hypertensive or tachycardic responses are treated with vasodilating and cardiovascular depressant drugs. Empirically, additional opioid may be given, and, if no response occurs, vasodilating drugs are administered. 

Whereas opioids are used alone for cardiovascular procedures, these drugs are usually accompanied by nitrous oxide for surgical procedures involving no postoperative mechanical ventilation. By itself, 70 percent nitrous oxide provides approximately 0.7 MAC anesthesia. Nitrous oxide also interacts profoundly with opioids, markedly decreasing the amount of opioid necessary to provide surgical anesthesia. When alfentanil is used with oxygen, plasma concentrations of approximately 1,500 to 2,000 ng/mL are needed to suppress hemodynamic response in most patients. 99  The addition of 70 percent nitrous oxide decreases this plasma concentration to approximately 300 ng/mL. 100  A similar degree of potentiation occurs with fentanyl. 

Clinical Signs of Inadequate Anesthesia and Plasma Concentration of Opioids 

Ausems and colleagues 100  used pharmacodynamic modeling concepts to relate clinical signs of inadequate opioid anesthesia to plasma concentrations of the drug. In their study paradigm, patients were premedicated with a benzodiazepine, anesthesia was induced with alfentanil (150 g/kg), and the trachea was intubated with the aid of succinylcholine. Anesthesia was maintained with 70 percent nitrous oxide and a variable-rate infusion of alfentanil. The infusion was titrated to the following clinical end points: (1) increased systemic arterial blood pressure greater than 15 mm Hg higher than the patient‘s normal value; (2) heart rate exceeding 90 beats/min in the absence of hypovolemia; (3) somatic responses, such as body movements (minimal muscle paralysis allowed physical movement), swallowing, coughing, grimacing, or opening of the eyes; and (4) autonomic signs of inadequate anesthesia (e.g., lacrimation, flushing, or sweating). If any clinical signs occurred, the infusion rate was increased 25 to 50 g/kg/h, and a small bolus dose (7 g/kg) was given. Good hemodynamic control was possible in all subjects. If no clinical signs occurred, however, the infusion rate was decreased at regular 15-minute intervals. 

Table 29–3 shows the incidence of response to intraoperative noxious stimuli in 37 patients; 3 different types of surgical procedures are represented. Although hypertension was the most common clinical response, the other 3 clinical measures occurred a significant number of times. The authors could not predict which patients would have somatic responses, tachycardia, or hypertension. Measurement of plasma concentrations made it possible to describe the concentration versus response relationship for different perioperative stimuli. Figure 29–11 A shows the relationship between the plasma concentration of alfentanil and response/no response for 3 clinical end points: intubation, skin incision, and skin closure. Regarding elimination of response to noxious stimulation, intubation required significantly higher plasma concentrations of alfentanil than skin incision, and skin closure required significantly lower concentrations than skin incision. 

TABLE 29–3. Response of 37 Patients to Noxious Intraoperative Stimulation During Anesthesia With Alfentanil and Nitrous Oxide 
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FIGURE 29–11 (A) Relationship between the plasma concentration of alfentanil and response/no response at three specific events of short duration. The quantal data are characterized with logistic regression in the lower panel. –, ±SE for the Cp50, which is the plasma concentration of alfentanil producing a 50 percent probability of no response. (B) Plasma concentration of alfentanil versus the probability of no response for each of 34 patients during the intra-abdominal phase of lower abdominal surgery. Dots represent the Cp50 values, and the heavy dark line represents the average response of the 34 patients. (A from Ausems et al100 ; B from Ausems et al101 )

Use of logistic regression made it possible to define Cp50 values for these clinical events (Table 29–4). The plasma concentrations of alfentanil were varied in the individual subject during surgery to obtain multiple response/no response data points, after which a curve plotting plasma concentration against response was constructed for each subject 101  (Fig. 29–11 B). Especially noteworthy are the steep slope of the individual curves and the moderate pharmacodynamic variability among individuals. Table 29–3 demonstrates that upper abdominal surgery required significantly higher plasma concentrations of alfentanil than lower abdominal or breast surgery. The foregoing pharmacodynamic modeling concept has been used to examine the alfentanil dose requirement, pharmacokinetics, and pharmacodynamics in heavy alcohol consumption. Lemmens et al 102  showed that moderate consumers of alcohol (20–40 g/d) have an increased requirement for alfentanil because of decreased CNS sensitivity to alfentanil. The Cp50 of alfentanil in patients with alcohol consumption was 522 ± 104 ng/mL compared with 208 ± 26 ng/mL in a control group. This finding suggests that there may be a cross-tolerance between opiates and ethanol. Lemmens et al 103  also defined the role of plasma protein binding in determining the clinical effects of alfentanil anesthesia. By examining the alfentanil plasma concentration versus clinical response relationship both total bound and free, and the degree of alfentanil plasma protein binding, they determined there was a significant negative correlation ( r = .67) between Cp50 (total drug) and the free fraction of alfentanil. These data suggest that 45 percent of the variability in alfentanil CNS response, as estimated by the Cp50, could be explained by variability in the plasma protein binding of alfentanil. 

TABLE 29–4. Cp50 Values for Perioperative Events and Intraoperative Manipulation Associated With Three Types of Surgical Procedures During Alfentanil Anesthesia 

Remifentanil is a newer opioid, related to the fentanyl family of short-acting, 4-aniliopiperidine derivatives; however, it is unique in having ester linkages that are susceptible to hydrolysis by nonspecific blood and tissue esterases, resulting in very rapid metabolism. Egan and colleagues 104  described the comparative clinical pharmacology of remifentanil to alfentanil. Both opioids have a similar, small volume of distribution, because of limited tissue solubility; however, remifentanil has a significantly higher metabolic clearance, 2.9 L/min versus 0.36 L/min for alfentanil. Remifenanil has a similar rate of blood-brain equilibration, with a t1⁄2 Keo value of 1.6 minutes versus 0.96 minute for alfentanil. Remifentanil, however, is significantly more potent than alfentanil, with an EEG Cp50 value of 19.9 ng/mL versus 375.9 ng/mL for alfentanil. Minto and colleagues 105, 106  quantitated the population pharmacokinetics and dynamics of this opioid, using simulation techniques to develop dosing guidelines. Drover and colleagues 107  applied the opioid anesthetic depth concepts developed by Ausems et al 100  to define therapeutic plasma concentrations of remifentanil in surgical patients. 

The rapid blood-brain equilibration of alfentanil and remifentanil means that a given plasma concentration has a close relation to the CNS concentration, hence to drug effect. 108  Drugs having a slower rate of blood-brain equilibration (e.g., fentanyl, sufentanil, morphine) would be less amenable to the type of pharmacodynamic analysis of the plasma concentration versus clinical effect relationship used by Ausems and coworkers. 100  Glass and colleagues 109  applied the fundamental concepts proposed by Ausems et al to fentanyl, using a computer-driven infusion pump to obtain constant fentanyl plasma concentrations from induction of anesthesia to skin incision. Because of the long equilibration delay between plasma and the effect site in the CNS (t1⁄2 Keo of 6.4 minutes), a significant period of time was allowed between establishing the constant plasma concentration and application of the noxious stimuli. Only fentanyl and 70 percent nitrous oxide were used, no premedication or induction sedative was given, and fentanyl plasma concentrations were also measured. Following skin incision, patients were observed for purposeful somatic movement. The fentanyl plasma concentration that had a 50 percent probability of no movement (Cp50 ), with 70 percent nitrous oxide, was 3.26 ng/mL. 

The approach to opioid administration presented by Ausems and colleagues 100  provides useful insight into the clinical assessment of depth of anesthesia. Overdosage with opioids cannot be judged intraoperatively. Only at the end of anesthesia, when spontaneous ventilation should occur, does one know whether administration of opioids has been excessive. To prevent overdosage, Ausems and coworkers 100  proposed using a viable rate of infusion in which one titrates plasma concentrations to clinical effect to find the lowest possible effective rate of opioid administration. To achieve this end point, one must look for clinical signs of inadequate anesthesia. Once the infusion rate just causing inadequate anesthesia has been determined, one increases the rate slightly, thus providing adequate anesthesia. The steep slope of the concentration versus response curve for alfentanil (see Fig. 29–11) demonstrates that a small increase in the plasma concentration of the drug rapidly converts inadequate anesthesia (100% probability of response to stimuli) to adequate anesthesia. Because of the moderate variability in the pharmacokinetics of alfentanil, this process of titrating dose (infusion rate) against clinical effect and pharmacodynamics is necessary for each patient. This concept is most applicable to alfentanil, which has rapid blood-brain equilibration, 108  and it is ideal with remifentanil, which has extremely rapid pharmacokinetics along with rapid blood-brain equilibration. 104  Intermittent intravenous bolus administration of opioids is not as efficient as variable-rate infusion when titrating plasma concentrations of opioids to clinical effects. 101  

Intravenously Administered (Nonopioid) Anesthetics 

Traditionally, these intravenous anesthetics were used only for induction of anesthesia as a single intravenous bolus. Only with the clinical introduction of propofol have these agents been infused for maintenance of anesthesia, in which assessment of depth of anesthesia becomes more relevant. 

Assessing Depth During Induction of Anesthesia 

Induction of anesthesia consists of a rapid intravenous bolus injection of a hypnotic anesthetic (i.e., thiopental, etomidate). Plasma concentrations peak within 1⁄2 to 1 minute and decline rapidly on redistribution of the drug. The rapidly changing plasma concentrations cause a corresponding fluctuation in the degree of CNS depression. Depth of anesthesia increases rapidly (causing loss of consciousness), peaks, and then decreases as plasma concentrations decline. CNS depression lags behind the plasma concentrations, manifesting as hysteresis on curves plotting effect against plasma concentration. All the concepts discussed earlier regarding non–steady-state conditions produced by rapid administration of a drug make assessment of the relationship of plasma concentration and depth of anesthesia difficult, if not impossible, during bolus intravenous administration. 

Clinical end points useful in assessing depth of anesthesia during induction include loss of verbal responsiveness, loss of eyelid reflex, and loss of corneal reflex. Typical stimulation occurring during induction of anesthesia include laryngoscopy and intubation, which constitute profoundly noxious stimuli. Frequently, response to these two procedures cannot be eliminated completely with just the intravenously administered anesthetic. In one study, administration of thiopental (6 mg/kg) was followed by an average increase in systolic blood pressure of 53 mm Hg on laryngoscopy and intubation. 110  In another study, administration of thiamylal (4 mg/kg) was followed by an increase in mean arterial blood pressure from 92 mm Hg (control) to 136 mm Hg on laryngoscopy. 111  Because most intravenous anesthetics do not provide a significant analgesia, the hemodynamic response to major noxious stimuli is great, even when large doses are given. Thus, assessment of depth of anesthesia using clinically relevant noxious stimuli such as laryngoscopy and intubation requires the concurrent administration of other analgesic drugs (opioids or nitrous oxide) to provide reasonable and clinically acceptable hemodynamic control. 

Most research on estimating depth of anesthesia induced by intravenous anesthetics has focused on the relationship between dose and response. For example, Brett and Fisher 112  reported that the dose of thiopental associated with a 50 percent probability of no movement in response to a firm squeeze of the trapezius muscle was 3 to 7 mg/kg for adults and more than 7 mg/kg for infants 1 to 11 months of age. It is possible that a larger initial volume of distribution or a more rapid redistribution (both pharmacokinetic mechanisms) in infants accounts for the difference in dose requirement. It is also possible that brain sensitivity to thiopental differs for infants and adults. Dose-response studies cannot differentiate between these two very different mechanisms. 

Dose-response studies can have meaningful scientific and clinical value if they are performed with multiple measures of drug effect, concomitant variables, and appropriate statistical data analysis. Avram et al 113  demonstrated this point by successfully examining the thiopental induction dose requirement using an EEG end point (3–5 s of isoelectric signal), clinical end points (dropping of a syringe), and measurement of multiple covariates (age, gender, lean body mass, cardiac output). Avram‘s group 113  concluded that age and either lean or total body weight are the most important predictors of thiopental dose requirement, with gender and cardiac output less important. Jacobs and Reves 61  provided editorial comment on this article and used computer simulations to confirm and extend the findings of the study by Avram et al. 

Assessing Depth During Maintenance of Anesthesia 

Becker 114  presented one of the first studies to quantitate the relationship between plasma concentrations of an intravenous anesthetic (in this case, thiopental) and clinical measures of depth of anesthesia. First studying patients anesthetized with 67 percent nitrous oxide and thiopental, Becker found that the corneal reflex and movement response to a firm squeeze of the trapezius muscle correlated highly with the movement response to surgical stimulation (cervical dilation or skin incision). He then related the plasma concentration of thiopental to three clinical signs (loss of eyelid reflex, loss of the corneal reflex, and absence of movement in response to squeezing the trapezius muscle) in another group of patients given thiopental/oxygen anesthesia. Anesthesia was induced with thiopental, 2 to 2.5 mg/kg, followed by an intravenous infusion of 1 to 1.5 mg/kg/min. Patients were observed for the three clinical signs. Arterial blood samples drawn at these clinical end points were analyzed for both total plasma concentration and free (or unbound) plasma concentrations of thiopental. Plasma levels of thiopental gathered under these pseudo–steady-state conditions, especially free or unbound plasma levels, are believed to be accurate predictors of brain levels of the drug and are therefore good indicators of depth of anesthesia. The eyelid reflex was lost at significantly lower levels of thiopental than corneal reflex or the movement response. Similar plasma concentrations of thiopental were needed for loss of corneal reflex and loss of movement response to squeeze of the trapezius muscle, both of which had been found to correlate highly with loss of movement in response to skin incision. Becker did not report hemodynamic responses to the corneal or trapezius stimuli. For the patients given 67 percent nitrous oxide, the plasma concentrations of thiopental necessary to achieve the same surgical end points were as much as 71 percent lower than those in patients given only thiopental. 

Hung et al 115  proposed a conceptual approach to examining intravenous anesthetic pharmacodynamics using clinical measures. A computer-driven infusion pump using a pharmacokinetics model of thiopental disposition was used to achieve rapidly and then maintain constant thiopental plasma concentrations in 26 surgical patients. A low (10–40 g/mL) and then high (40–90 g/mL) constant thiopental plasma concentration was achieved and then maintained for 10 minutes. After allowing 5 minutes for blood-brain equilibration, the following sequential clinical stimuli were applied to the patient at 1-minute intervals: verbal command, 50-Hz electrical tetanus, trapezius muscle squeeze, laryngoscopy, and laryngoscopy followed by intubation. Purposeful movement response was used as the measure of clinical response. Logistic regression was used to relate the measured constant thiopental plasma concentration to the presence or absence of movement and to estimate the Cp50 value. Figure 29–12 displays the thiopental plasma concentration versus response/no response in the data, along with the logistic regression characterization. Prevention of movement for intubation required significantly higher thiopental concentrations (78.8 g/mL) relative to laryngoscopy (50.7 g/mL), trapezius muscle squeeze (39.8 g/mL), electrical tetanus (30.3 g/mL), and verbal responsiveness (15.6 g/mL). These data confirm the utility of purposeful movement as a measure of depth of anesthesia for intravenous anesthetics and demonstrate that different noxious stimuli can be statistically separated with this methodology. The conceptual approach developed by Hung et al 115  can be used to examine how altered physiologic states and diseases alter intravenous anesthetic requirement. 
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FIGURE 29–12 (A) Move/no move versus serum thiopental concentration for five different clinical stimuli. Each bar indicates the serum thiopental concentration and response for stimuli applied to an individual patient. (B) Predicted probability of no movement versus serum thiopental concentrations, obtained using logistic regression of the data indicated in A. The bars indicate the 95 percent confidence bounds of the estimate of the serum thiopental concentration producing a 50 percent probability of no movement response. I, laryngoscopy and intubation; L, laryngoscopy; S, trapezius muscle squeeze; T, tetanic nerve stimulation; V, verbal. (From Hung et al115 )

Kazama and colleagues 116  examined the pharmacodynamics of propofol alone and then of propofol with fentanyl using the defined noxious stimuli/movement responses that Hung et al 115  used for thiopental and the hemodynamic methodology developed by Zbinden et al 79  for isoflurane. Kazama et al found propofol Cp50 values for the following defined stimuli: loss of verbal responsiveness, 4.4 g/mL; electrical tetanus, 9.3 g/mL; laryngoscopy, 9.8 g/mL; skin incision, 10.0 g/mL; and intubation, 17.4 g/mL. With the addition of a steady-state fentanyl plasma concentration of 1 or 3 ng/mL, there was only a minimal decrease of the loss of verbal responsiveness Cp50 of 11 percent for 1 ng/mL and 17 percent for 3 ng/mL. For the other, more intense noxious stimuli (tetanus, laryngoscopy, skin incision, and intubation), a much greater decrease of propofol Cp50 occurred. Fentanyl, 1 ng/mL decreased the Cp50 values 31 to 34 percent, whereas fentanyl, 3 ng/mL, decreased the Cp50 values 50 to 55 percent. Further increases of fentanyl plasma concentrations did not further decrease propofol Cp50 values. Kazama et al found that systolic blood pressure response to propofol alone was profound, similar to what Zbinden et al described. The addition of fentanyl to propofol attenuated the systolic blood pressure increases in a dose-dependent manner. The conceptual methodology used by Kazama et al allows for characterization of anesthetic depth, using multiple, defined noxious stimuli. The combination of the hypnotic anesthetic, propofol, with the analgesic effects of fentanyl allows a clinically successful anesthetic to be given to patients with quantitative methodology. 

The quantitation of clinical depth of anesthesia for the combination of opioid and intravenous anesthetic was reported by Vuyk et al. 117  Using the pharmacodynamic methodology developed by Ausems et al, 100  the interaction of a constant plasma concentration of propofol (in place of nitrous oxide) was examined as the alfentanil was titrated to clinical responses. Propofol had a significant interaction with alfentanil, thus decreasing the total dose of alfentanil and the alfentanil plasma concentrations needed for adequate anesthesia. Table 29–5 indicates how the total dose of alfentanil needed decreased from 22.8 mg with 66 percent nitrous oxide to 10.3 mg with a steady-state propofol plasma concentration of 4 g/mL. The mechanism of this decreased dose requirement was a marked potentiation of alfentanil, such that alfentanil plasma concentrations needed to achieve the same degree of pharmacologic effect were two to four times lower with propofol. 

TABLE 29–5. Interaction of Propofol and Nitrous Oxide With Alfentanil in Lower Abdominal Surgery 

In a subsequent study, Vuyk et al 118  used this same methodology, but they randomized the surgical subjects into a range of constant propofol blood concentrations. With blood propofol concentrations increasing from 2 to 10 g/mL, the alfentanil Cp50 for laryngoscopy decreased from 170 to 25 ng/mL, from 280 to 23 ng/mL for intubation, from 259 to 9 ng/mL for opening of the peritoneum, and from 209 to 16 ng/mL for the intra-abdominal surgical stimulus. With plasma alfentanil concentrations increasing from 10 to 150 ng/mL, the Cp50 for propofol to the regaining of consciousness decreased from 3.8 to 0.8 g/mL. This study confirms the profound, synergistic interaction of propofol with alfentanil. Vuyk and colleagues used computer simulations of their gathered data to suggest that the optimal blood propofol and plasma alfentanil concentrations that allow the most rapid recovery from intraoperative anesthesia occur at 3.5 and 85 ng/mL, respectively. An editorial 119  comment on this study provided more general guidelines for using the quantitative interaction of propofol and alfentanil to design dosing regimens for total intravenous anesthesia. 

In clinical practice, intravenously administered anesthetic drugs are frequently combined with other drugs that provide additional analgesia (opiates, nitrous oxide, potent inhaled anesthetics). As indicated earlier, large intravenously administered doses of thiopental or propol are less than effective in eliminating hemodynamic response to relevant clinical stimuli such as laryngoscopy and intubation. 110, 111, 116  Fentanyl decreases the anesthetic requirement for thiopental or propolol by providing antinociceptive effects that thiopental does not provide. 116, 120  Clinically, the hemodynamic response to laryngoscopy, intubation, or skin incision is most commonly used to assess depth of anesthesia. The use of muscle relaxants to ease endotracheal intubation precludes use of the movement response. Because laryngoscopy and intubation are single events, if clinical depth is inadequate (e.g., in the event of profound hemodynamic response), additional intravenous anesthetics, opioids, or maintenance anesthetic agents are rapidly administered. When precise hemodynamic control becomes important (as in coronary artery disease), larger doses of opioids are used instead of intravenously administered anesthetics. The scientific basis for the clinical use of intravenously administered anesthetics is rapidly developing to approach knowledge of potent inhaled anesthetics or opioids. 

