• Miller-Inhaled Anesthetic Delivery Systems

VAPORIZERS 

Through the years, vaporizers have evolved from rudimentary ether inhalers to copper kettles to the present temperature-compensated, variable-bypass vaporizers. With the introduction of the new inhaled anesthetic desflurane, an even more sophisticated, electrically heated, pressurized, electronically controlled vaporizer has been introduced. Before variable-bypass vaporizers and the new Tec 6 desflurane vaporizer are discussed, certain physical principles are reviewed briefly to facilitate understanding of the operating principles, construction, and design of contemporary vaporizers.
Physics 

Vapor Pressure 

Contemporary inhaled volatile anesthetics exist in the liquid state below 20°C. When a volatile liquid is in a closed container, molecules escape from the liquid phase to the vapor phase until the number of molecules in the vapor phase is constant. These molecules bombard the wall of the container and create a pressure known as the saturated vapor pressure. As the temperature increases, more molecules enter the vapor phase, and the vapor pressure increases (Fig. 7–13). Vapor pressure is independent of atmospheric pressure and is contingent only on the temperature and the physical characteristics of the liquid. The boiling point of a liquid is that temperature at which the vapor pressure equals atmospheric pressure. 41, 42, 43  At 760 mm Hg, the boiling points for desflurane, isoflurane, halothane, enflurane, and sevoflurane are approximately 22.8, 48.5, 50.2, 56.5, and 58.5°C, respectively. Unlike other contemporary inhaled anesthetics, desflurane boils at temperatures commonly encountered in clinical settings, such as pediatric and burn operating rooms. This unique physical characteristic mandates a special vaporizer design for the delivery of desflurane. 
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FIGURE 7–13 Vapor pressure versus temperature curves for desflurane, isoflurane, halothane, enflurane, and sevoflurane. The vapor pressure curve for desflurane is both steeper and shifted to higher vapor pressures when compared with the curves for other contemporary inhaled anesthetics. (From inhaled anesthetic package insert equations and from Susay et al74 )
Latent Heat of Vaporization 

Energy must be expended to convert a molecule from the liquid to the gaseous state because the molecules of a liquid tend to cohere. The latent heat of vaporization is defined as the number of calories required to change 1 g of liquid into vapor without a temperature change. The energy for vaporization must come from the liquid itself or from an outside source. The temperature of the liquid decreases during vaporization in the absence of an outside energy source. Energy loss can lead to significant decreases in temperature of the remaining liquid. This temperature drop greatly decreases vaporization. 41, 43, 44  

Specific Heat 

The specific heat of a substance is the number of calories required to increase the temperature of 1 g of a substance by 1°C. 41, 43, 45  The substance can be solid, liquid, or gas. The concept of specific heat is important to the design, operation, and construction of vaporizers because it is applicable in two ways. First, the specific heat value for an inhaled anesthetic is important because it indicates how much heat must be supplied to the liquid to maintain a constant temperature when heat is lost during vaporization. Second, manufacturers select vaporizer metals that have a high specific heat to minimize temperature changes associated with vaporization. 

Thermal Conductivity 

Thermal conductivity is a measure of the speed with which heat flows through a substance. The higher the thermal conductivity, the better the substance conducts heat. 41  Vaporizers are constructed of metals that have relatively high thermal conductivity, a characteristic that helps maintain a uniform temperature. 

Variable-Bypass Vaporizers 

The Ohmeda Tec 4, the Ohmeda Tec 5, and the North American Dräger Vapor 19.1 are classified as variable-bypass, flowover, temperature-compensated, agent-specific, out-of-circuit vaporizers. 41  Variable-bypass refers to the method for regulating output concentration. As gas flow enters the vaporizer‘s inlet, the setting of the concentration control dial determines the ratio of flow that goes through the bypass chamber and through the vaporizing chamber. The gas channeled to the vaporizing chamber flows over the liquid anesthetic and becomes saturated with vapor. Thus, flowover refers to the method of vaporization. The Tec 4, the Tec 5, and the Vapor 19.1 are classified as temperature-compensated because they are equipped with an automatic temperature-compensating device that helps maintain a constant vaporizer output over a wide range of temperatures. These vaporizers are agent specific and out of circuit because they are designed to accommodate a single agent and to be located outside the breathing circuit. Variablebypass vaporizers are used to deliver halothane, enflurane, isoflurane, and sevoflurane, but not desflurane (see Electrically Heated, Pressurized Vaporizers). 

Basic Operating Principles 
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A diagram of a generic, variable-bypass vaporizer is shown in Figure 7–14 . Vaporizer components include the concentration control dial, the bypass chamber, the vaporizing chamber, the filler port, and the filler cap. Using the filler port, the operator fills the vaporizing chamber with liquid anesthetic. The maximum safe level is predetermined by the position of the filler port, which is positioned to minimize the chance of overfilling. If a vaporizer is overfilled or tilted, liquid anesthetic can spill into the bypass chamber, causing an overdose. The concentration control dial is a variable restrictor, and it can be located either in the bypass chamber or in the outlet of the vaporizing chamber. The function of the concentration control dial is to regulate the relative flow rates through the bypass and vaporizing chambers. 

FIGURE 7–14 Generic variable bypass vaporizer (see text for details). (Modified from Andrews JJ: Delivery systems for inhaled anesthetics. In Barash PG, Cullen BF, Stoelting RK [eds]: Clinical Anesthesia, 3rd ed. Philadelphia, New York, Lippincott-Raven, 1997, pp 535–572.)
Flow from the flowmeters enters the inlet of the vaporizer. More than 80 percent of the flow passes straight through the bypass chamber to the vaporizer outlet, and this accounts for the name “bypass chamber.” Less than 20 percent of the flow from the flowmeters is diverted through the vaporizing chamber. Depending on the temperature and the vapor pressure of the particular inhaled anesthetic, the flow through the vaporizing chamber entrains a specific flow of inhaled anesthetic. All three flows, that is, flow through the bypass chamber, flow through the vaporizing chamber, and flow of entrained anesthetic, exit the vaporizer at the outlet. The final concentration of inhaled anesthetic is the ratio of the flow of the inhaled anesthetic to the total gas flow. 41, 46  

The vapor pressure of an inhaled anesthetic depends on the ambient temperature (see Fig. 7–13 .). For example, at 20°C, the vapor pressure of isoflurane is 238 mm Hg, whereas at 35°C, the vapor pressure almost doubles (450 mm Hg). Variable-bypass vaporizers have an internal mechanism to compensate for different ambient temperatures. The temperature-compensating valve of the Ohmeda Tec 4 is shown in Figure 7–15 47  At high temperatures, such as those commonly used in pediatric or burn operating rooms, the vapor pressure inside the vaporizing chamber is high. To compensate for this increased vapor pressure, the bimetallic strip of the temperature-compensating valve leans to the right. This allows more flow to pass through the bypass chamber and less flow to pass through the vaporizing chamber. The net effect is a constant vaporizer output. In a cold operating room environment, the vapor pressure inside the vaporizing chamber decreases. To compensate for this decrease in vapor pressure, the bimetallic strip swings to the left, causing more flow to pass through the vaporizing chamber and less to pass through the bypass chamber. The net effect is a constant vaporizer output. 

FIGURE 7–13 Vapor pressure versus temperature curves for desflurane, isoflurane, halothane, enflurane, and sevoflurane. The vapor pressure curve for desflurane is both steeper and shifted to higher vapor pressures when compared with the curves for other contemporary inhaled anesthetics. (From inhaled anesthetic package insert equations and from Susay et al74 )
FIGURE 7–15 Simplified schematic of the Ohmeda Tec 4 vaporizer (see text for details). (Modified from Andrews JJ: Delivery systems for inhaled anesthetics. In Barash PG, Cullen BF, Stoelting RK [eds]: Clinical Anesthesia, 3rd ed. Philadelphia, New York, Lippincott-Raven, 1997, pp 535–572.)
Factors That Influence Vaporizer Output 

The output of an ideal vaporizer with a fixed dial setting would be constant, regardless of varied flow rates, temperatures, back pressures, and carrier gases. Designing such a vaporizer is difficult because as ambient conditions change, the physical properties of gases and of vaporizers themselves can change. 46  Contemporary vaporizers approach ideal but still have some limitations. Several factors listed below can influence vaporizer output. 

Flow Rate. 

With a fixed dial setting, vaporizer output varies with the rate of gas flowing through the vaporizer. This variation is particularly notable at extremes of flow rates. The output of all variable-bypass vaporizers is less than the dial setting at low flow rates (<250 mL/min). This results from the relatively high density of volatile inhaled anesthetics. The turbulence generated at low flow rates in the vaporizing chamber is insufficient to upwardly advance the vapor molecules. At extremely high flow rates, such as 15 L/min, the output of most variable-bypass vaporizers is less than the dial setting. This discrepancy is attributed to incomplete mixing and saturation in the vaporizing chamber. Also, the resistance characteristics of the bypass chamber and the vaporizing chamber can vary as flow increases. These changes can result in decreased output concentration. 46  

Temperature. 

Because of improvements in design, the output of contemporary temperature-compensated vaporizers is almost linear over a wide range of temperatures. Automatic temperature-compensating mechanisms in bypass chambers maintain a constant vaporizer output with varying temperatures. 8, 47, 48  A bimetallic strip (see Fig. 7–15 ) or an expansion element (Fig. 7–16) directs a greater proportion of gas flow through the bypass chamber as temperature increases. 46  Wicks are placed in direct contact with the metal wall of the vaporizer to help replace heat used for vaporization. Vaporizers are constructed with metals having relatively high specific heat and high thermal conductivity in order to minimize heat loss. 

FIGURE 7–16 Simplified schematic of the North American Dräger Vapor 19.1 vaporizer (see text for details). (Modified from Andrews JJ: Delivery systems for inhaled anesthetics. In Barash PG, Cullen BF, Stoelting RK [eds]: Clinical Anesthesia, 3rd ed. Philadelphia, New York, Lippincott-Raven, 1997, pp 535–572.)
Intermittent Back Pressure. 

Intermittent back pressure associated with positive-pressure ventilation or with oxygen flushing can cause higher vaporizer output concentration than the dialed setting. This phenomenon, known as the pumping effect, 41, 46, 49, 50, 51  is more pronounced at low flow rates, low dial settings, and low levels of liquid anesthetic in the vaporizing chamber. Additionally, the pumping effect is increased by rapid respiratory rates, high peak inspired pressures, and rapid drops in pressure during expiration. 47, 48, 49, 50, 51  The Ohmeda Tec 4 and the North American Dräger Vapor 19.1 are relatively immune from the pumping effect. 47, 48  One proposed mechanism for the pumping effect is dependent on retrograde pressure transmission from the patient circuit to the vaporizer during the inspiratory phase of positive-pressure ventilation. Gas molecules are compressed in both the bypass and the vaporizing chambers. When the back pressure is suddenly released during the expiratory phase of positive-pressure ventilation, vapor exits the vaporizing chamber via the vaporizing chamber outlet and retrograde through the vaporizing chamber inlet. This occurs because the output resistance of the bypass chamber is lower than that of the vaporizing chamber, particularly at low dial settings. The enhanced output concentration results from the increment of vapor that travels in the retrograde direction to the bypass chamber. 46, 49, 50, 51  

To decrease the pumping effect, the vaporizing chambers of the Tec 4 and the Vapor 19.1 are smaller than those of older variable-bypass vaporizers, such as the Fluotec Mark II (750 mL). 47, 48, 50  Therefore, no substantial volumes of vapor can be discharged from the vaporizing chamber into the bypass chamber during the expiratory phase. The North American Dräger Vapor 19.1 (see Fig. 7–16 ) has a patented long spiral tube that serves as the inlet to the vaporizing chamber. 48, 50  When the pressure in the vaporizing chamber is released, some of the vapor enters this tube but does not enter the bypass chamber because of tube length. 50  The Tec 4 (see Fig. 7–15 ) has an extensive baffle system in the vaporizing chamber, and a one-way check valve has been inserted at the common outlet to minimize the pumping effect. This check valve attenuates but does not eliminate the pressure increase, because gas still flows from the flowmeters to the vaporizer during the inspiratory phase of positive-pressure ventilation. 41, 52  

Carrier Gas Composition. 

Vaporizer output is influenced by the composition of the carrier gas that flows through the vaporizer. 47, 48, 53, 54, 55, 56, 57, 58, 59, 60  When the carrier gas is quickly switched from 100 percent oxygen to 100 percent nitrous oxide, there is a rapid transient decrease in vaporizer output followed by a slow increase to a new steady-state value ( Fig. 7–17B). 58, 59  The transient decrease in vaporizer output is attributed to nitrous oxide‘s being more soluble than oxygen in halogenated liquid. 58  Therefore, the quantity of gas leaving the vaporizing chamber is transiently diminished until the anesthetic liquid is totally saturated with nitrous oxide. 

FIGURE 7–17 Halothane output of a North American Dräger Vapor 19.1 vaporizer with different carrier gases. The initial output concentration is approximately 4% halothane when oxygen is the carrier gas at flows of 6 L·min–1  (A). When the carrier gas is quickly switched to 100% nitrous oxide (B), the halothane concentration decreases to 3% within 8–10 seconds. Then, a new steady-state concentration of approximately 3.5% is attained within 1 minute (see text for details). (Modified from Gould et al58 )
The explanation for the new steady-state output value is less well understood. 60  With contemporary vaporizers, such as the North American Dräger Vapor 19.1 and the Ohmeda Tec 4, the steady-state output value is less when nitrous oxide rather than oxygen is the carrier gas ( Fig. 7–17B). 47, 48  Conversely, the output of some older vaporizers is enhanced when nitrous oxide is the carrier gas instead of oxygen. 53, 55  The steady-state plateau is achieved more rapidly with increased flow rates, regardless of the ultimate output value. 59  Factors that contribute to the characteristic steady-state response resulting when various carrier gases are used include the viscosity and density of the carrier gas, the relative solubilities of the carrier gas in the liquid anesthetic, the flow splitting characteristics of the specific vaporizer, and the dial setting. 55, 58, 59, 60  

Safety Features 

The North American Dräger 19.1, the Ohmeda Tec 4, and the Ohmeda Tec 5 have many safety features that have minimized or eliminated many hazards that were once associated with variable-bypass vaporizers. Agent-specific, keyed filling devices help prevent a vaporizer from being filled with the wrong agent. Overfilling of these vaporizers is minimized because the filler port is located at the maximum safe liquid level. Today‘s vaporizers are firmly secured to the vaporizer manifold, and there is little need to move them. Thus, problems associated with tipping are minimized. Contemporary interlock systems prevent administration of more than one inhaled anesthetic. 47, 48, 61  

Hazards 

Despite many safety features, some hazards are still associated with contemporary variable-bypass vaporizers. 

Misfilling. 

Vaporizers not equipped with keyed fillers have been occasionally misfilled with the wrong anesthetic liquid. 62  A potential for misfilling exists even on contemporary vaporizers equipped with keyed fillers. 63, 64  

Contamination. 

Contamination of anesthetic vaporizer contents occurred when an isoflurane vaporizer was filled with a contaminated bottle of isoflurane. A potentially serious incident was avoided because the operator did not use the contaminated vaporizer after detecting an abnormal acrid odor. 65  

Tipping. 

Tipping can occur when vaporizers are incorrectly “switched out” or moved. However, tipping is unlikely when a vaporizer is attached to a manifold in the upright position. Excessive tipping can cause the liquid agent to enter the bypass chamber and can cause a high output concentration. 66  The Tec 4 is slightly more immune to tipping than the Vapor 19.1 because of its extensive baffle system. However, if either vaporizer is tipped, it should not be used until it has been flushed for 20 to 30 minutes at high flow rates with the vaporizer set at a low concentration. 41  

Overfilling. 

Improper filling procedures combined with failure of the vaporizer sight glass can cause overfilling and overdose. Liquid anesthetic enters the bypass chamber, and up to 10 times the intended vapor concentration can be delivered. 67  

Simultaneous Inhaled Anesthetic Administration. 

Two inhaled anesthetics can be administered simultaneously when the center Tec 4 vaporizer is removed from Ohmeda machines equipped with the older style Selectatec vaporizer manifold. The left or right vaporizer should be moved to the central position if the central vaporizer is removed as indicated by the manifold label. The interlock system then functions properly because the two remaining vaporizers are adjacent. 12, 13, 14  

Leaks. 

Leaks occur often with vaporizers, and vaporizer leaks can cause patient awareness. 41, 68, 69  A loose filler cap is the most common source of vaporizer leaks. Leaks can occur at the O-ring junction between the vaporizer and its manifold. A vaporizer must be in the on position to detect a leak within it. Vaporizer leaks in the North American Dräger System can be detected with a conventional positive-pressure leak test because of the absence of check valves. Ohmeda recommends using a negative-pressure leak testing device (suction bulb) to detect vaporizer leaks in the Modulus I, Modulus II, and Excel models because of the check valve at the machine outlet 11, 12, 13, 15  (see Checking Anesthesia Machines). 

Electrically Heated, Pressurized Vaporizers 

Controlled vaporization of desflurane requires an electrically heated, pressurized vaporizer because of desflurane‘s unique physical properties. 70, 71  The vapor pressure of desflurane is three to four times that of contemporary inhaled anesthetics, and it boils at 22.8°C, 72  which is near room temperature (see Fig. 7–13 ). Desflurane has a minimum alveolar anesthetic concentration value of 6 to 7 percent. 72  Desflurane is valuable because it has a low blood gas solubility coefficient of 0.45 at 37°C, and recovery from anesthesia is more rapid than with other potent inhaled anesthetics. 72  

FIGURE 7–13 Vapor pressure versus temperature curves for desflurane, isoflurane, halothane, enflurane, and sevoflurane. The vapor pressure curve for desflurane is both steeper and shifted to higher vapor pressures when compared with the curves for other contemporary inhaled anesthetics. (From inhaled anesthetic package insert equations and from Susay et al74 )
Unsuitability of Contemporary Variable-Bypass Vaporizers for Controlled Vaporization of Desflurane 

Desflurane‘s high volatility and moderate potency preclude its use with contemporary variable-bypass vaporizers, such as Ohmeda Tec 4, Tec 5, or North American Dräger Vapor 19.1, for two reasons 70 : 

1.


The vapor pressure of desflurane is near 1 atm. The vapor pressures of enflurane, isoflurane, halothane, and desflurane at 20°C are 172, 240, 244, and 669 mm Hg, 72  respectively (see Fig. 7–13 ). Normal flow through a traditional vaporizer would vaporize many more volumes of desflurane. For example, at 1 atm and 20°C, 100 mL/min passing through the vaporizing chamber entrains 735 mL/min of desflurane versus 29, 46, and 47 mL/min of enflurane, isoflurane, and halothane, respectively. 70  Under these same conditions, the amount of bypass flow necessary to achieve sufficient distribution of anesthetic vapor to produce 1 percent desflurane output would be approximately 73 L/min, compared with 5 L/min or less for the other three anesthetics. At greater than 22.8°C at 1 atm, desflurane boils. The amount of vapor produced would be limited only by the heat energy available from the vaporizer owing to its specific heat. 70  
2.


Contemporary vaporizers lack an external heat source. Although desflurane has a heat of vaporization approximately equal to that of enflurane, isoflurane, and halothane, its minimum alveolar anesthetic concentration is four to nine times higher than that of the other three inhaled anesthetics. Thus, the absolute amount of desflurane vaporized over a given time period is considerably higher than that occurring with other anesthetics. Supplying desflurane in higher concentrations would cause excessive cooling of the vaporizer. In the absence of an external heat source, temperature compensation using traditional mechanical devices would be almost impossible over a broad clinical range of temperatures because of desflurane‘s steep vapor pressure versus temperature curve (see Fig. 7–13 ). 70  
Operating Principles of the Tec 6 

To achieve controlled vaporization of desflurane, Ohmeda has introduced the Tec 6 vaporizer, which is electrically heated and pressurized. 73  The physical appearance and operation of the Tec 6 are similar to those of contemporary vaporizers, but some aspects of the internal design and operating principles are radically different. A simplified schematic of the Tec 6 is shown in Figure 7–18 . The vaporizer has two independent gas circuits arranged in parallel. The fresh gas circuit is shown in red, and the vapor circuit is shown in white. The fresh gas from the flowmeters enters at the fresh gas inlet, passes through a fixed restrictor (R1), and exits at the vaporizer gas outlet. The vapor circuit originates at the desflurane sump, which is electrically heated and thermostatically controlled to 39°C, a temperature well above desflurane‘s boiling point. The heated sump assembly serves as a reservoir of desflurane vapor. At 39°C, the vapor pressure in the sump is approximately 1,300 mm Hg absolute, 74  or approximately 2 atm absolute (see Fig. 7–13 ). Just downstream from the sump is the shut-off valve. After the vaporizer warms up, the shut-off valve fully opens when the concentration control valve is turned to the “on” position. A pressure-regulating valve downstream from the shut-off valve downregulates the pressure to approximately 1.1 atm absolute (74 mm Hg gauge) at a fresh gas flow rate of 10 L/min. The operator controls desflurane output by adjusting the concentration control valve (R2), which is a variable restrictor. 70  

FIGURE 7–18 Simplified schematic of the Tec 6 desflurane vaporizer. (Modified from Andrews JJ: Operating Principles of the Ohmeda Tec 6 Desflurane Vaporizer: A Collection of Twelve Color Illustrations. Washington, DC, Library of Congress, 1996.)
The vapor flow through R2 joins the fresh gas flow through R1 at a point downstream from the restrictors. Until this point, the two circuits are physically divorced. They are interfaced pneumatically and electronically, however, through differential pressure transducers, a control electronics system, and a pressure-regulating valve. When a constant fresh gas flow rate encounters the fixed restrictor, R1, a specific back pressure that is proportional to the fresh gas flow rate pushes against the diaphragm of the control differential pressure transducer. The differential pressure transducer conveys the pressure difference between the fresh gas circuit and the vapor circuit to the control electronics system. The control electronics system regulates the pressure-regulating valve so that the pressure in the vapor circuit equals the pressure in the fresh gas circuit. This equalized pressure supplying R1 and R2 is the working pressure, and the working pressure is constant at a fixed fresh gas flow rate. If the operator increases the fresh gas flow rate, more back pressure is exerted on the diaphragm of the control pressure transducer, and the working pressure of the vaporizer increases. 70  

Table 7–1 shows the approximate correlation between fresh gas flow rate and working pressure for a typical vaporizer. At a fresh gas flow rate of 1 L/min, the working pressure is 10 millibars, or 7.4 mm Hg gauge. At a fresh gas flow rate of 10 L/min, the working pressure is 100 millibars, or 74 mm Hg gauge. Therefore, there is a linear relationship between fresh gas flow rate and working pressure. When the fresh gas flow rate is increased tenfold, the working pressure increases tenfold. 70  

TABLE 7–1. Fresh Gas Flow Rate Versus Working Pressure 

Listed below are two specific examples to demonstrate the operating principles of the Tec 6. 70  

Example A: Constant fresh gas flow rate of 1 L/min, with an increase in the dial setting. With a fresh gas flow rate of 1 L/min, the working pressure of the vaporizer is 7.4 mm Hg. That is, the pressure supplying R1 and R2 is 7.4 mm Hg. As the operator increases the dial setting, the opening at R2 becomes larger, allowing more vapor to pass through R2. Specific vapor flow values at different dial settings are shown in Table 7–2 . 

TABLE 7–2. Dial Setting Versus Flow Through Restrictor R2From Andrews JJ, Johnston RV Jr: The new Tec 6 desflurane vaporizer. Anesth Analg 76:1338, 1993. 

Example B: Constant dial setting with an increase in fresh gas flow from 1 to 10 L/min. At a fresh gas flow rate of 1 L/min, the working pressure is 7.4 mm Hg, and at a dial setting of 6 percent, the vapor flow rate through R2 is 64 mL/min (see Tables 7–1 and 7–2). With a tenfold increase in the fresh gas flow rate, there is a concomitant tenfold increase in the working pressure to 74 mm Hg. The ratio of resistances of R2 to R1 is constant at a fixed dial setting of 6 percent. Because R2 is supplied by 10 times more pressure, the vapor flow rate through R2 increases tenfold to 640 mL/min. Vaporizer output is constant because both the fresh gas flow and the vapor flow increase proportionally.

ANESTHESIA VENTILATORS 

The anesthesia ventilator can substitute for the breathing bag of the circle system, the Bain circuit, and other breathing systems. Ten years ago, anesthesia ventilators were mere adjuncts to the anesthesia machine. Today, they have attained a prominent central role in newer anesthesia systems. This discussion focuses on the classification, operating principles, and hazards of anesthesia ventilators.

Classification 

Ventilators can be classified according to their power source, drive mechanism, cycling mechanism, and bellows type. 108, 109  The following section reviews ventilator classification and terminology before the discussion of individual anesthesia machine ventilators. 

Power Source 

The power source required to operate a mechanical ventilator is provided by compressed gas, electricity, or both. Older pneumatic ventilators required only a pneumatic power source to function properly. Contemporary North American Dräger and Ohmeda electronic ventilators require both an electronic and a pneumatic power source. 16, 18, 19, 20, 21, 22, 110, 111  

Drive Mechanism 

Most anesthesia machine ventilators are classified as double-circuit, pneumatically driven ventilators. In a double-circuit system, a driving force (compressed gas) compresses a bag or bellows, which in turn delivers gas to the patient. The driving gas in the Ohmeda 7000, 7810, and 7900 is 100 percent oxygen. 16, 110, 111  In the North American Dräger AV-E, a Venturi device mixes oxygen and air. 18, 19, 20, 21, 22  

Cycling Mechanism 

Most anesthesia machine ventilators are time cycled and provide ventilator support in the control mode. Inspiration is initiated by a timing device. Older pneumatic ventilators use a fluidic timing device. Contemporary electronic ventilators use a solid-state timing device and are thus classified as time cycled and electronically controlled. 

Bellows Classification 

The direction of bellows movement during the expiratory phase determines the bellows classification. Ascending (standing) bellows ascend during the expiratory phase ( Fig. 7–23, right), whereas descending (hanging) bellows descend during the expiratory phase. Older pneumatic ventilators use weighted descending bellows, whereas most contemporary electronic ventilators have ascending bellows. Of the two configurations, the ascending bellows is safer. An ascending bellows does not fill if a total disconnection occurs. The bellows of a descending bellows ventilator, however, continues its upward and downward movement during a disconnection. The driving gas pushes the bellows upward during the inspiratory phase. During the expiratory phase, room air is entrained into the breathing system at the site of the disconnection because gravity acts on the weighted bellows. The disconnection pressure monitor and the volume monitor may be fooled even if a disconnection is complete (see Breathing Circuit Problems). 1 
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Operating Principles of Ascending Bellows Ventilators 

Contemporary examples of ascending bellows, double-circuit, electronic ventilators include the North American Dräger AV-E and the Ohmeda 7000, 7800, and 7900 series. A generic ascending bellows ventilator is shown in Figure 7–23 . It may be viewed as a breathing bag (bellows) located within a clear plastic box. The bellows physically separates the driving gas circuit from the patient gas circuit. The driving gas circuit is located outside the bellows, and the patient gas circuit is inside the bellows. During the inspiratory phase (see Fig. 7–23, left), the driving gas enters the bellows chamber, causing the pressure within it to increase. This increase in pressure is responsible for two events. First, the ventilator relief valve closes, preventing anesthetic gas from escaping into the scavenging system. Second, the bellows is compressed, and the anesthetic gas within the bellows is delivered to the patient‘s lungs. This compression action is analogous to that of the hand of the anesthesiologist squeezing the breathing bag. 39  

FIGURE 7–23 Inspiratory (left) and expiratory (right) phase gas flows of a generic ascending bellows anesthesia ventilator (see text for details). (From Andrews39 )
During the expiratory phase (see Fig. 7–23, right), the driving gas exits the bellows chamber. The pressure within the bellows chamber and the pilot line declines to zero, causing the mushroom portion of the ventilator relief valve to open. Exhaled patient gas fills the bellows before any scavenging occurs, because a weighted ball similar to those used in ball-type positive end-expiratory pressure valves is incorporated into the base of the ventilator relief valve. The ball produces 2 to 3 cm H2 O of back pressure; therefore, scavenging occurs only after the bellows fills completely and the pressure inside the bellows exceeds this pressure threshold. This design causes all ascending bellows ventilators to produce 2 to 3 cm H2 O of positive end-expiratory pressure within the breathing circuit. Scavenging occurs only during the expiratory phase because the ventilator relief valve is open only during expiration. 39  

Gas flow from the anesthesia machine into the breathing circuit is continuous and independent of ventilator activity. During the inspiratory phase of mechanical ventilation, the ventilator relief valve is closed, and the breathing system‘s APL valve (pop-off valve) is either closed or out of circuit. Therefore, the patient receives volume from the bellows and flowmeters during the inspiratory phase. Factors that influence the correlation between set tidal volume and exhaled tidal volume include the flowmeter settings, the inspiratory time, the compliance of the breathing circuit, the external leakage, and the location of the tidal volume sensor. 16, 17, 110, 111  Usually, the volume gained from the flowmeters during inspiration is counteracted by the volume lost to the breathing circuit compliance. The set tidal volume generally approximates the exhaled tidal volume. However, oxygen flushing during the inspiratory phase can result in barotrauma because excess volume cannot be vented. 39  

Problems and Hazards 

Numerous hazards are associated with anesthesia ventilators. These include problems with the breathing circuit, the bellows assembly, and the control assembly. 

Breathing Circuit Problems 

Breathing circuit disconnection is a leading cause of critical incidents in anesthesia. 2, 112  The most common disconnection site is at the Y-piece. Disconnections can be complete or partial (leaks). A common source of leaks with older absorbers is failure to close the APL or pop-off valve when mechanical ventilation is initiated. The bag/ventilator switch on contemporary absorbers helps minimize this problem. Preexisting undetected leaks can be found in compressed, corrugated, disposable anesthetic circuits. For such a leak to be detected preoperatively, the circuit must be fully expanded before the circuit is checked for leaks. 113  As mentioned earlier, disconnections and leaks manifest more readily with the ascending bellows because the bellows does not fill. 1  

Several disconnection monitors exist. The most important is a vigilant anesthesia care provider who monitors breath sounds, chest wall excursion, and mechanical monitors. 

Pneumatic and electronic pressure monitors are helpful in diagnosing disconnections. Factors that influence monitor effectiveness include the disconnection site, the pressure sensor location, the threshold pressure alarm limit, the inspiratory flow rate, and the resistance of the disconnected breathing circuit. 114, 115  Various anesthesia machines and ventilators have different locations for the pressure sensor and different values for the threshold pressure alarm limit (Table 7–3). The threshold pressure alarm limit may be adjustable or preset at the factory. An audible or visual alarm is actuated if the peak inspiratory pressure of the breathing circuit does not exceed the threshold pressure alarm limit. When an adjustable threshold pressure alarm limit is available, such as on the North American Dräger Narkomed 2A, 2B, 3, and 4, the operator should set the pressure alarm limit to within 5 cm H2 O of the peak inspiratory pressure. 18, 19, 20, 21, 22  Figure 7–24 illustrates how a partial disconnection (leak) may be unrecognized by the low-pressure monitor if the threshold pressure alarm limit is set too low or if the factory preset value is relatively low. 

TABLE 7–3. Disconnection Pressure Monitors 

FIGURE 7–24 Threshold pressure alarm limit. (Top) The threshold pressure alarm limit (dotted line) has been set appropriately. An alarm is actuated when a partial disconnection occurs (arrow) because the threshold pressure alarm limit is not exceeded by the breathing circuit pressure. (Bottom) A partial disconnection is unrecognized by the pressure monitor because the threshold pressure alarm limit has been set too low. (Modified from Baromed Breathing Pressure Monitor. Operator‘s Instruction Manual. Telford, Pennsylvania, North American Dräger, 1986.)

Respiratory volume monitors are useful in detecting disconnections. Volume monitors sense exhaled tidal volume, minute volume, or both. The user should bracket the high and low threshold volumes slightly above and below the exhaled volumes. For example, if the exhaled minute volume of a patient is 10 L/min, reasonable alarm limits would be 8 to 12 L/min. 

Carbon dioxide monitors are probably the best devices for revealing patient disconnections. CO2 concentration is measured near the Y-piece either directly or by aspiration of a gas sample to the instrument. A drastic change in the differences between the inspiratory and end-tidal CO2 concentration or the absence of CO2 indicates a disconnection, a nonventilated patient, or other problems. 1  

Misconnections of the breathing system are common, despite efforts by standards committees to eliminate this problem by assigning different diameters to various hoses and terminals. Anesthesia machines, breathing systems, ventilators, and scavenging systems incorporate a multitude of hose terminals. Hoses have been connected to inappropriate terminals and even to various solid cylindrically shaped protrusions of the anesthesia machine. 1  

Occlusion (obstruction) of the breathing circuit may occur. Tracheal tubes can become kinked. Hoses throughout the breathing circuit are subject to occlusion by external mechanical forces that can impinge on flow. Blockage of a bacterial filter in the expiratory limb of the circle system has caused a bilateral tension pneumothorax. 116  Incorrect insertion of flow direction–sensitive components can result in a no-flow state. 1  Examples of these components include some positive end-expiratory pressure valves and cascade humidifiers. Depending on the location of the occlusion and the pressure sensor, a high-pressure alarm may alert the anesthesiologist to the problem. 

Excess inflow to the breathing circuit from the anesthesia machine during the inspiratory phase can cause barotrauma. The best example of this phenomenon is oxygen flushing. Excess volume cannot be vented from the system during inspiration because the ventilator relief valve is closed and the APL valve is either out of circuit or closed. 39  A high-pressure alarm, if present, may be activated when the pressure becomes excessive. In the North American Dräger System, both audible and visual alarms are actuated if the high-pressure threshold is exceeded. 18, 19, 20, 21, 22  In the Modulus II Plus System, the Ohmeda 7810 ventilator automatically switches from the inspiratory to the expiratory phase when the adjustable peak pressure threshold is exceeded. 16  This minimizes the possibility of barotrauma if the peak pressure threshold is set appropriately by the anesthesiologist. 

Bellows Assembly Problems 

Leaks can occur in the bellows assembly. Improper seating of the plastic bellows housing can result in inadequate ventilation because a portion of the driving gas is vented to the atmosphere. A hole in the bellows can lead to alveolar hyperinflation and possibly to barotrauma in some ventilators because high-pressure driving gas can enter the patient circuit. The value on the oxygen analyzer may increase if the driving gas is 100 percent oxygen, or it may decrease if the driving gas is composed of an air/oxygen mixture. 117  

The ventilator relief valve can cause problems. Hypoventilation occurs if the valve is incompetent because anesthetic gas is delivered to the scavenging system during the inspiratory phase instead of to the patient. Gas molecules preferentially exit into the scavenging system because it represents the path of least resistance, and the pressure within the scavenging system can be subatmospheric. Ventilator relief valve incompetency can result from a disconnected pilot line, a ruptured valve, or a damaged flapper valve. 118, 119  A ventilator relief valve stuck in the closed position can produce barotrauma. Excessive suction from the scavenging system can draw the ventilator relief valve to its seat and close the valve during both the inspiratory and expiratory phases. 1  Breathing circuit pressure escalates because excess anesthetic gas cannot be vented. 

Control Assembly Problems 

The control assembly can be the source of both electrical and mechanical problems. Electrical failure can be total or partial; the former is the more obvious. Some mechanical problems include leaks within the system, faulty regulators, and faulty valves. An occluded muffler on the North American Dräger AV-E can cause barotrauma. Obstruction of driving gas outflow closes the ventilator relief valve, and excess patient gas cannot be vented. 120 

ANESTHETIC CIRCUITS 

Gas exits the anesthesia machine at the common gas outlet and then enters an anesthetic circuit. The function of an anesthetic circuit is not only to deliver oxygen and anesthetic gases to the patient but also to eliminate CO2 . CO2 can be removed either by washout with adequate fresh gas inflow or by absorption with soda lime. This discussion is limited to semiclosed rebreathing circuits and the circle system

Mapleson Systems 

In 1954 Mapleson described and analyzed five different semiclosed anesthetic systems, and they are now classically referred to as the Mapleson systems and are designated A to E. 77  Willis et al 78  added the F system to the five original systems. The Mapleson systems are shown in Figure 7–19 . System components can include a face mask, a spring-loaded pop-off valve, reservoir tubing, fresh gas inflow tubing, and a reservoir bag. Three distinct functional groups emerge, and they include the A, the BC, and the DEF groups. The Mapleson A, also known as the Magill circuit, has a spring-loaded pop-off valve located near the face mask, and the fresh gas flow enters the opposite end of the circuit near the reservoir bag. In the B and C systems, the spring-loaded pop-off valve is located near the face mask, but the fresh gas inlet tubing is located near the patient. The reservoir tubing and breathing bag serve as a blind limb where fresh gas, dead space gas, and alveolar gas can collect. Finally, in the Mapleson D, E, and F group, or the T-piece group, the fresh gas enters near the patient, and excess gas is popped off at the opposite end of the circuit. 
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FIGURE 7–19 Gas disposition at end-expiration during spontaneous (left) and controlled (right) ventilation in circuits A–F. FGF, fresh gas flow. (Modified from Sykes81 )
Even though the component arrangement and components are simple, functional analysis of the Mapleson systems can be complex. 79, 80  The amount of CO2 rebreathing associated with each system is multifactorial, and variables dictating the ultimate CO2 concentration include the following: (1) fresh gas inflow rate, (2) minute ventilation, (3) mode of ventilation (spontaneous or controlled), (4) tidal volume, (5) respiratory rate, (6) inspiratory to expiratory ratio, (7) duration of the expiratory pause, (8) peak inspiratory flow rate, (9) volume of the reservoir tube, (10) volume of the breathing bag, (11) ventilation by mask, (12) ventilation through an endotracheal tube, and (13) the CO2 sampling site. 

The performance of the Mapleson systems is best understood by studying the expiratory phase of the respiratory cycle (see Fig. 7–19 ). 81  During spontaneous ventilation, the Mapleson A has the best efficiency of the six systems, requiring a fresh gas inflow rate of only one times the minute ventilation to prevent rebreathing of CO2 . However, it has the worst efficiency during controlled ventilation, requiring a minute ventilation of as much as 20 L/min to prevent rebreathing. Systems D to F are slightly more efficient than systems B and C. To prevent rebreathing of CO2, systems D to F require a fresh gas inflow rate of approximately 2.5 times the minute ventilation, whereas the fresh gas inflow rates required for systems B and C are somewhat higher. 80  

The relative efficiency of different Mapleson systems with respect to prevention of rebreathing during spontaneous ventilation can be summarized as follows: A > DFE > CB. During controlled ventilation, DFE > BC > A. 80, 82  The Mapleson A, B, and C systems are rarely used today, but the D, E, and F systems are commonly employed. In the United States, the most popular representative from the D, E, and F group is the Bain circuit. 

Bain Circuit 

The Bain circuit is a modification of the Mapleson D system. It is a coaxial circuit in which the fresh gas flows through a narrow inner tube within the outer corrugated tubing. 83  The central tube originates near the reservoir bag, but the fresh gas actually enters the circuit at the patient end (Fig. 7–20). Exhaled gases enter the corrugated tubing and are vented through the expiratory valve near the reservoir bag. The Bain circuit may be used for both spontaneous and controlled ventilation. The fresh gas inflow rate necessary to prevent rebreathing is 2.5 times the minute ventilation. 
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FIGURE 7–20 The Bain circuit. (Modified from Bain and Spoerel83 )
There are many advantages to this circuit. It is lightweight, convenient, easily sterilized, and reusable. Scavenging of the gases from the expiratory valve is facilitated because the overflow valve is located away from the patient. Exhaled gases in the outer reservoir tubing add warmth to inspired fresh gases. The hazards of the Bain circuit include unrecognized disconnection or kinking of the inner fresh gas hose. These problems can cause hypercarbia from inadequate gas flow or increased respiratory resistance. 

The outer tube should be transparent to allow inspection of the inner tube. The integrity of the inner tube can be assessed, as described by Pethick. 84  High-flow oxygen is fed into the circuit while the patient end is occluded until the reservoir bag is filled. The patient end is opened, and oxygen is flushed into the circuit. If the inner tube is intact, the Venturi effect occurs at the patient end. This effect causes a decrease in pressure within the circuit, and the reservoir bag deflates. Conversely, a leak in the inner tube allows the fresh gas to escape into the expiratory limb, and the reservoir bag remains inflated. This test is recommended as a part of the preanesthesia check if a Bain circuit is used. 

Circle System 

The circle system is the most popular breathing system in the United States. It is so named because its components are arranged in a circular manner. This system prevents rebreathing of CO2 by soda lime absorption but allows partial rebreathing of other exhaled gases. The extent of rebreathing of the other exhaled gases depends on component arrangement and the fresh gas flow rate. 

A circle system can be semiopen, semiclosed, or closed, depending on the amount of fresh gas inflow. 85  A semiopen system has no rebreathing and requires a very high flow of fresh gas. A semiclosed system is associated with rebreathing of gases and is the most commonly used system in the United States. A closed system is one in which the inflow gas exactly matches that being taken up, or consumed, by the patient. There is complete rebreathing of exhaled gases after absorption of CO2, and the overflow (pop-off) valve is closed. 

The circle system (Fig. 7–21) consists of seven components: (1) a fresh gas inflow source; (2) inspiratory and expiratory unidirectional valves; (3) inspiratory and expiratory corrugated tubes; (4) a Y-piece connector; (5) an overflow or pop-off valve, referred to as the APL valve; (6) a reservoir bag; and (7) a canister containing a CO2 absorbent. The unidirectional valves are placed in the system to ensure unidirectional flow through the corrugated hoses. The fresh gas inflow enters the circle by a connection from the common gas outlet of the anesthesia machine. 
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FIGURE 7–21 Components of the circle system. B, reservoir bag; V, ventilator; APL, adjustable pressure limiting.
Numerous variations of the circle arrangement are possible, depending on the relative positions of the unidirectional valves, the pop-off valve, the reservoir bag, the CO2 absorber, and the site of fresh gas entry. However, to prevent rebreathing of CO2, three rules must be followed: (1) a unidirectional valve must be located between the patient and the reservoir bag on both the inspiratory and the expiratory limbs of the circuit, (2) the fresh gas inflow cannot enter the circuit between the expiratory valve and the patient, and (3) the overflow (pop-off) valve cannot be located between the patient and the inspiratory valve. If these rules are followed, any arrangement of the other components prevents rebreathing of CO2 . 86  

The most efficient circle system arrangement that allows the highest conservation of fresh gases is one with the unidirectional valves near the patient and the pop-off valve just downstream from the expiratory valve. This arrangement conserves dead space gas and preferentially eliminates alveolar gas. A more practical arrangement, used on all contemporary anesthesia machines (see Fig. 7–21 ), is less efficient because it allows alveolar and dead space gas to mix before venting. 86, 87  

The advantages of the circle system include relative stability of inspired concentration, conservation of respiratory moisture and heat, and prevention of operating room pollution. Additionally, it can be used for closed-system anesthesia or with low oxygen flows. The major disadvantage of the circle system stems from its complex design. The circle system has approximately 10 connections, and the multiple connection sites set the stage for misconnections, disconnections, obstructions, and leaks. In a recent closed claim analysis of adverse anesthetic outcomes arising from gas delivery equipment, a third (25/72) of malpractice claims resulted from breathing circuit misconnections or disconnections. 2  Malfunctioning valves can cause serious problems. Rebreathing can occur if the valves stick in the open position. Total occlusion of the circuit can occur if they are stuck closed. Finally, the bulk of the circle offers less convenience and portability than the Mapleson systems. 

Chemistry of Absorbents 

Two formulations of CO2 absorbents are commonly used today: soda lime and Baralyme. 

By weight, the approximate composition of “high moisture” soda lime is 80 percent calcium hydroxide, 15 percent water, 4 percent sodium hydroxide, and 1 percent potassium hydroxide (an activator). Small amounts of silica are added in order to produce calcium and sodium silicate. This addition produces a hard compound and reduces dust formation. The efficiency of the soda lime absorption varies inversely with the hardness; therefore, little silicate is used in contemporary soda lime. Sodium hydroxide is the catalyst for the CO2 absorptive properties of soda lime. 90, 91  Baralyme is a mixture of approximately 20 percent barium hydroxide and 80 percent calcium hydroxide. It may also contain some potassium hydroxide. 

The size of the absorptive granules has been determined by trial and error, which represents a compromise between resistance to air flow and absorptive efficiency. 92  The smaller the granules, the more surface area available for absorption. However, air flow resistance increases. The granular size of soda lime and Baralyme in anesthesia practice is between 4 and 8 mesh, a size at which resistance to air flow is negligible. Mesh refers to the number of openings per linear inch in a sieve through which the granular particles can pass. A 4-mesh screen means that there are four quarter-inch openings per linear inch. An 8-mesh screen has eight eighth-inch openings per linear inch. 90  

The absorption of CO2 by soda lime is a chemical process, not a physical process. CO2 combines with water to form carbonic acid. Carbonic acid reacts with the hydroxides to form sodium (or potassium) carbonate and water. Calcium hydroxide accepts the carbonate to form calcium carbonate and sodium (or potassium) hydroxide. The equations are as follows: 

1. CO2 + H2 O  H2 CO3 

2. H2 CO3 + 2NaOH (KOH)  Na2 CO3 (K2 CO3 ) + 2H2 O + Heat 

3. Na2 CO3 (K2 CO3 ) + Ca(OH)2  CaCO3 + 2NaOH (KOH) 

Some CO2 may react directly with Ca(OH)2, but this reaction is much slower. 

The reaction with Baralyme differs from that with soda lime because more water is liberated by a direct reaction of barium hydroxide and CO2 . 

1. Ba(OH)2 + 8H2 O + CO2  BaCO3 + 9H2 O + Heat 

2. 9H2 O + 9CO2  9H2 CO3 

Then, by direct reactions and by KOH and NaOH, 

3. 9H2 CO3 + 9Ca(OH)2  CaCO3 + 18H2 O + Heat

Absorptive Capacity 

The maximum amount of CO2 that can be absorbed is 26 L of CO2 per 100 g of absorbent. However, channeling of gas through granules may substantially decrease this efficiency and may allow only 10 to 20 L of CO2 to be absorbed.

Indicators 

Ethyl violet, the pH indicator added to both soda lime and Baralyme to help assess the functional integrity of the absorbent, is a substituted triphenylmethane dye with a critical pH of 10.3. 91  The color of ethyl violet changes from colorless to violet when the pH of the absorbent decreases as a result of CO2 absorption. The pH of fresh absorbent exceeds the critical pH, and the dye exists in its colorless form ( Fig. 7–22, left). As absorbent becomes exhausted, however, the pH decreases below 10.3, and ethyl violet changes to its violet form (see Fig. 7–22, right) through alcohol dehydration. Ethyl violet is not always a reliable indicator of the functional status of absorbent. Fluorescent lights can deactivate the dye so that the absorbent appears white even though it is exhausted. 94 

Interactions of Inhaled Anesthetics With Absorbents 

It is important and desirable to have CO2 absorbents that are neither intrinsically toxic nor toxic when exposed to common anesthetics. Soda lime and Baralyme generally fit this description, but inhaled anesthetics do interact with absorbents to some extent. Historically speaking, an uncommon anesthetic, trichloroethylene, reacts with soda lime to produce toxic compounds. In the presence of alkali and heat, trichloroethylene degrades into the cranial neurotoxin dichloroacetylene, which can cause cranial nerve lesions and encephalitis. Phosgene, a potent pulmonary irritant, is also produced and can cause adult respiratory distress syndrome. 95  

Sevoflurane has been shown to produce degradation products on interaction with CO2 absorbents. 96  The major degradation product produced is fluoromethyl-2, 2-difluoro-1-(trifluoromethyl) vinyl ether, or compound A. During sevoflurane anesthesia, factors apparently leading to an increase in the concentration of Compound A include (1) low flow or closed circuit anesthetic techniques; (2) the use of Baralyme rather than soda lime; (3) higher concentrations of sevoflurane in the anesthetic circuit; (4) higher absorbent temperatures; and (5) fresh absorbent. 96, 97, 98  Baralyme dehydration increases the concentration of compound A, and soda lime dehydration decreases the concentration of compound A. 99, 100  Apparently, the degradation products do not cause toxic effects in humans, even during low-flow anesthesia, 97  but further studies are needed to verify this. 101, 102, 103  

Desiccated soda lime and Baralyme can degrade contemporary inhaled anesthetics to clinically significant concentrations of carbon monoxide (CO), which in turn can produce carboxyhemoglobin concentrations reaching 30 percent or more. Higher levels of CO are more likely after prolonged contact between absorbent and anesthetics and after disuse of an absorber for at least 2 days, especially over a weekend. Thus, case reports describing CO poisoning are most common in patients anesthetized on Monday morning, presumably because continuous flow from the anesthesia machine dehydrated the absorbents over the weekend. 104, 105  

Several factors appear to increase the production of CO, including (1) the inhaled anesthetic used (for a given minimum alveolar concentration multiple, the magnitude of CO production from greatest to least is desflurane  enflurane > isoflurane >> halothane = sevoflurane); (2) the absorbent dryness (completely dry absorbent produces more CO than hydrated absorbent); (3) the type of absorbent (at a given water content, Baralyme produces more CO than does soda lime); (4) the temperature (an increased temperature increases CO production); and (5) the anesthetic concentration (more CO is produced from higher anesthetic concentrations). 106  

In a study in swine in which partially dried Baralyme was used during desflurane anesthesia, extremely high levels of CO and carboxyhemoglobin occurred. 107  Interventions have been suggested to reduce the incidence of CO exposure in humans undergoing general anesthesia. 105  The interventions include (1) educating anesthesia personnel regarding the cause of CO production, (2) turning off the anesthesia machine at the conclusion of the last case of the day to eliminate fresh gas flow, which dries the absorbent, (3) changing the CO2 absorbent if fresh gas was found flowing during the morning machine check, (4) rehydrating desiccated absorbent by adding water to the absorbent. 104  

SCAVENGING SYSTEMS 

Scavenging is the collection and subsequent removal of vented gases from the operating room. 121  The amount of gas used to anesthetize a patient commonly far exceeds the patient‘s needs. Therefore, scavenging minimizes operating room pollution. In 1977, the National Institute for Occupational Safety and Health prepared a document entitled “Criteria for a Recommended Standard: Occupational Exposure to Waste Anesthetic Gases and Vapors.” 122  Although it was maintained that a safe level of exposure could not be defined, the National Institute for Occupational Safety and Health recommendations are shown in Table 7–4 . 122  In 1991, the ASTM released the ASTM F1343-91 standard entitled “Standard Specification for Anesthetic Equipment—Scavenging Systems for Anesthetic Gases.” 123  The document provided guidelines for devices that safely and effectively scavenge excess anesthetic gas to reduce contamination in anesthetizing areas. 123  

Components 

Scavenging systems have five components (Fig. 7–25) : (1) a gas collecting assembly, (2) a transfer means, (3) a scavenging interface, (4) a gas disposal assembly tubing, and (5) an active or passive gas disposal assembly. 123  An active system uses a central vacuum to eliminate waste gases. The pressure of the waste gas itself produces flow through a passive system. 
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FIGURE 7–25 Components of a scavenging system. APL, adjustable pressure limiting. (Modified from Andrews JJ: Delivery systems for inhaled anesthetics. In Barash PG, Cullen BF, Stoelting RK [eds]: Clinical Anesthesia, 3rd ed. Philadelphia. New York, Lippincott-Raven, 1997, pp 535–572.)
Gas Collecting Assembly 

The gas collecting assembly captures excess anesthetic gas and delivers it to the transfer tubing. 123  Excess gas is vented from the anesthesia system either through the APL valve or through the ventilator relief valve. All excess gas passes through these valves, accumulates in the gas collecting assembly, and is directed to the transfer means. 

Transfer Means 

The transfer means carries excess gas from the gas collecting assembly to the scavenging interface. The tubing must be either 19 or 30 mm, as specified by the ASTM F1343-91 standard. 123  The tubing should be sufficiently rigid to prevent kinking, and as short as possible to minimize the chance of occlusion. Some manufacturers color code the transfer tubing with yellow bands to distinguish it from 22-mm breathing system tubing. Many machines have separate transfer tubes for the APL valve and for the ventilator relief valve. The two tubes frequently merge into a single hose before they enter the scavenging interface. Occlusion of the transfer means can be particularly problematic because it is upstream from the pressure-buffering scavenging interface. If the transfer means is occluded, breathing circuit pressure increases, and barotrauma can occur. 

Scavenging Interface 

The scavenging interface is the most important component of the system because it protects the breathing circuit or ventilator from excessive positive or negative pressure. 121  The interface should limit the pressures immediately downstream from the gas collecting assembly to between –0.5 and +10 cm H2 O under normal working conditions. 123  Positive-pressure relief is mandatory, irrespective of the type of disposal system used, to vent excess gas in case of occlusion downstream from the interface. If the disposal system is active, negative-pressure relief is necessary to protect the breathing circuit or the ventilator from excessive subatmospheric pressure. A reservoir is highly desirable with active systems because it stores excess waste gas until the evacuation system can eliminate it. Interfaces can be open or closed, depending on the method used to provide positive-pressure and negative-pressure relief. 121  

Open Interfaces. 

An open interface contains no valves and is open to the atmosphere, allowing both positive-pressure and negative-pressure relief. Open interfaces should be used only with active disposal systems that utilize a central vacuum system. Open interfaces require a reservoir because waste gases are intermittently discharged in surges, whereas flow to the active disposal system is continuous. 121  

Many contemporary anesthesia machines are equipped with open interfaces like those in Figures 7–26A and B. 124  An open canister provides reservoir capacity. The canister volume should be large enough to accommodate a variety of waste gas flow rates. Gas enters the system at the top of the canister and travels through a narrow inner tube to the canister base. Gases are stored in the reservoir between breaths. Positive-pressure and negative-pressure relief is provided by holes in the top of the canister. The open interface shown in Figure 7–26 A differs somewhat from the one shown in Figure 7–26 B. The operator can regulate the vacuum by adjusting the vacuum control valve shown in Figure 7–26 .B 124  
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FIGURE 7–26 (A and B) Two open scavenging interfaces. Each requires an active disposal system. APL, adjustable pressure limiting valve (see text for details). (Modified from Dorsch and Dorsch121 )
The efficiency of an open interface depends on several factors. The vacuum flow rate per minute must equal or exceed the minute volume of excess gases for spillage to be prevented. The volume of the reservoir and the flow characteristics within the interface are important. Spillage occurs if the volume of a single exhaled breath exceeds the capacity of the reservoir. Leakage can occur long before the volume of waste gas delivered to the reservoir equals the reservoir volume if large-scale turbulence occurs within the interface. 125  

Closed Interfaces. 

A closed interface communicates with the atmosphere through valves. All closed interfaces must have a positive-pressure relief valve to vent excess system pressure if obstruction occurs downstream from the interface. A negative-pressure relief valve is mandatory to protect the breathing system from subatmospheric pressure if an active disposal system is used. 121  Two types of closed interfaces are commercially available. One has positive-pressure relief only; the other has both positive-pressure and negative-pressure relief. Each type is discussed in the following sections. 

Positive-Pressure Relief Only. 

This interface (Fig. 7–27, left) has a single positive-pressure relief valve and is designed to be used only with passive disposal systems. Waste gas enters the interface at the waste gas inlets. Transfer of the waste gas from the interface to the disposal system relies on the pressure of the waste gas itself because a vacuum is not used. The positive-pressure relief valve opens at a preset value, such as 5 cm H2 O, if an obstruction between the interface and the disposal system occurs. 126  A reservoir bag is not necessary. 
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FIGURE 7–27 Closed scavenging interfaces. (Left) Interface used with a passive disposal system. (Right) Interface used with an active system (see text for details). (Modified [left] from Scavenger Interface for Air Conditioning: Instruction Manual126  and [right] from Narkomed 2A Anesthesia System18 )
Positive-Pressure and Negative-Pressure Relief. 

This interface has a positive-pressure relief valve, at least one negative-pressure relief valve, and a reservoir bag. It is used with active disposal systems. Figure 7–27 (right) is a schematic of North American Dräger‘s closed interface for suction systems. A variable volume of waste gas intermittently enters the interface through the waste gas inlets. The reservoir stores transient excess gas until the vacuum system eliminates it. The operator should adjust the vacuum control valve so that the reservoir bag is properly inflated (A) and not overdistended (B) or completely deflated (C). Gas is vented to the atmosphere through the positive-pressure relief valve if the system pressure exceeds +5 cm H2 O. Room air is entrained through the negative-pressure relief valve if the system pressure is more negative than –0.5 cm H2 O. A back-up negative-pressure relief valve opens at 1.8 cm H2 O if the primary negative-pressure relief valve becomes occluded. 18  

The effectiveness of a closed system in preventing spillage depends on the inflow rate of excess gas, the vacuum flow rate, and the volume of the reservoir. Leakage of waste gases into the atmosphere occurs only if the reservoir bag becomes fully inflated and the pressure increases sufficiently to open the positive-pressure relief valve. In contrast, the effectiveness of an open system in preventing spillage depends not only on the volume of the reservoir but also on the flow characteristics within the interface. 125  

Gas Disposal Assembly Tubing 

The gas disposal assembly tubing (see Fig. 7–25 ) conducts waste gas from the scavenging interface to the gas disposal assembly. It should be collapse proof and should run overhead, if possible, to minimize the chance of occlusion. 123  

Gas Disposal Assembly 

The gas disposal assembly ultimately eliminates excess waste gas (see Fig. 7–25 ). There are two types of disposal systems: (1) active and (2) passive. 

The most common method of gas disposal is the active assembly, which uses a central vacuum. The vacuum is a mechanical flow-inducing device that removes the waste gases. An interface with a negative-pressure relief valve is mandatory because the pressure within the system is negative. A reservoir is desirable, and the larger the reservoir, the lower the suction flow rate needed. 121, 125  

A passive disposal system does not use a mechanical flow-inducing device. Instead, the pressure of the waste gas itself produces flow through the system. Positive-pressure relief is mandatory, but negative-pressure relief and a reservoir are unnecessary. Excess waste gas can be eliminated in a number of ways, including venting through the wall, ceiling, or floor or to the room exhaust grill of a nonrecirculating air conditioning system. 121, 125 

Hazards 

Scavenging systems minimize operating room pollution, yet they add complexity to the anesthesia system. A scavenging system extends the anesthesia circuit all the way from the anesthesia machine to the ultimate disposal site. This extension increases the potential for problems. Obstruction of scavenging pathways can cause excessive positive-pressure in the breathing circuit, and barotrauma can occur. Excessive vacuum applied to a scavenging system can cause negative pressures in the breathing system.

