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Inhalation Anesthetics in Clinical Practice

Diethy ether
Nitroug oxide

Sevoflurane

T T T
1840 1880 1920 1960

Year Introduced

their clinical use. For example, they determine the form in which
the agents are supplied by the manufacturer (i.e., as a gas or lig-
uid) and account for the resistance of the anesthetic molecule to
degradation by physical factors (e.g., heat and light) and sub-
stances it contacts during use (e.g., metal components of the
anesthetic-delivery apparatus and the CO, absorbents such as
soda lime). The equipment neeessary to deliver the agent safely
to patients (e.g., vaporizer and breathing circuit) is influenced by
some of these properties, as are the agent’s uptake, distribution
within, and elimination (including potential for metabolic break-
down) from the patient. In summary, a knowledge and under-
standing of fundamental properties enable more intelligent use of
contemporary anesthetics.

Chemical Characteristics
All contemporary inhalation anesthetics are organic compounds
except N,O (Fig. 13.2) (cyclopropane and xenon are other no-

T - L)
NOOO Fig. 13.1. Inhalation anesthetics in-

troduced for widespread clinical use.
Adapted from Eger' and Karzai et al.323

table inorganic anesthetics). Agents of current interest are further
classified as either aliphatic (i.e., straight or branch chained) hy-
drocarbons or ethers (i.e., two organic radicals attached to an
atom of O,; the general structure is ROR). In the continued
search for a less reactive, more potent, nonflammable inhalation
anesthetic, focus on halogenation (i.e., addition of fluorine, chlo-
rine, or bromine; iodine is least useful) of these compounds has
predominated. Chlorine and bromine especially convert many
compounds of low anesthetic potency into more potent drugs.
Historically, interest in fluorinated derivatives was delayed until
the 1940s because of difficulties in synthesis, and thus quantities
available for study were limited. Methods of synthesis, although
difficult, have improved considerably and facilitated new agent
discovery (Fig. 13.2). It is interesting that organic fluorinated
compounds are a group of extreme contrasts—some are toxic,
others are not; some are extremely inert, others are highly reac-
tive. In some anesthetics, fluorine is substituted for chlorine or
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F
|
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Sevoflurane | I
(Ultane®, Sevoflo®)

Fig. 13.2. Chemical structure of inhalation anesthetics in current
use for animals. Trade names are in parentheses.

perature and sea level pressure. The term vapor indicates the
gaseous state of a substance that at ambient temperature and
pressure is a liquid. With the exception of N,O, all the contem-
porary anesthetics fall into this category. Desflurane (Table 13.1)
is one of the new volatile liquids that comes close to the transi-
tion stage and offers some unique (among the inhalation anes-
thetics) considerations to be discussed later in this chapter.

Whether inhalation agents are supplied as a gas or volatile lig-
uid under ambient conditions, the same physical principles apply
to each agent when it is in the gaseous state. Molecules move
about haphazardly at high speeds and collide with each other
(more frequently in liquid than in gas) or the walls of the contain-
ing vessel. The force of the bombardment is measurable and re-
ferred to as pressure. In the case of gases, if the space or volume
in which the gas is enclosed is increased, the number of bombard-
ments decreases (i.e., a smaller number of molecular collisions
per unit time) and then the pressure decreases. The behavior of
gases is predictably described by various gas laws. Relationships
such as those described by Boyle’s law (volume vs. pressure),
Charles’s law (volume vs. temperature), Gay-Lussac’s law (tem-
perature vs. pressure), and Dalton’s Law of Partial Pressure (the
total pressure of a mixture of gases is equal to the sum of the par-
tial pressures of all of the gaseous substances present), among
others, are important to our overall understanding of aspects of
respiratory and anesthetic gases and vapors. However, in-depth
descriptions of these principles are beyond the scope of this chap-
ter, and readers are referred elsewhere for this information.8

4

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

Pressure is also an important way of describing inhalation
anesthetics and is further discussed as a measure of anesthetic
potency. A mixture of gases in a closed container will exert a
pressure on the walls of the container. The individual pressure of
each gas in a mixture of gases is referred to as its partial pres-
sure. As noted earlier, this expression of the behavior of a mix-
ture of gases is known as Dalton’s law, and its use in understand-
ing inhalation anesthesia is inescapable. Use of the concept of
partial pressure is important in understanding inhalation anes-
thetic action in a multiphase biological system because, unlike
concentration, the partial pressure of an agent is the same in dif-
ferent compartments that are in equilibrium with each other. That
is, in contradistinction to concentration or volume percent, an ex-
pression of the relative ratio of gas molecules in a mixture, par-
tial pressure is an expression of the absolute value.

Molecular weight and agent density are used in many calcula-
tions to convert from liquid to vapor volumes and mass. Briefly
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360 e Pharmacology

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

b. Since molecular weight of isoflurane = 185 g (from Table 13-1, then:

1.49 g + 185 g = 0.0081 mol of liquid

c. Since 1 mol of gas =22.4 L, then:

0.0081 mol x 22,400 mL/mol = 181.4 mL of isoflurane vapor at 0C, 1 atm

d. But vapor is at 20C not 0C (i.¢., 273 K),
So, 181.4 x 293/273 = 194.7 mL vapor/mL liquid isoflurane at 20C and at sea

Jevel pressure

a

+

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

pressure

Fig. 13.3. Example of calculations to determine the volume of isoflurane vapor at 20°C from 1 mL of isoflurane liquid.

a. Total isoflurane vapor delivered over 2 hours (120 min) estimated at:

3%/100 x 6 LPM = 0.18 LPM x 120 min = 21.60 L/120 min = 21,600 mL/120 min

\£)

3%/100 x 4 LPM =0.12 LPM x 120 min = 14.4 L/120 min = 14,400 mL/120 min

b. Total vapor volume saved:

21,600 mL/120 min — 14,400 mL/120 min = 7,200 mL vapor/ 120 min saved

c. Total liquid isoflurane volume saved/2 hours

7,200 mL vapor + 194.7 mL vapor/mL liquid = 36.98 mL of isoflurane liquid

(194.7 mL vapor/mL liquid can be calculated as in Fig. 13.4 or taken from Table

13-1)

The economic value of reducing isoflurane consumption can then be determined
by calculating the product of the liquid volume saved and the purchase cost/mL of

isoflurane liquid

Fig. 13.4. Problem: Determine the savings in isoflurane liquid afforded by reducing the fresh gas (e.g., Op) inflow rate from 6 Lpm (L/min) to 4
Lpm, given that the average delivered (vaporizer setting) concentration for 2 h is 3%.

Vapor Pressure Molecules of liquids are in constant random
motion. Some of those in the surface layer gain sufficient veloc-
ity to overcome the attractive forces of neighboring molecules
and in escaping from the surface enter the vapor phase. The

change in state from a liquid to a gas phase is known as vapor-
ization or evaporation. This process is dynamic and in a closed
container that is kept at a constant temperature eventually
reaches an equilibrium whereby there is no further net loss of




210 pUE ‘PAONPAI ST PUIYRq 1Jo[ 2507} JO ABI10US ONUDY dFLIAR
a1y “sa[nosjour , AS10ua yIy,, asays Jo uona[dop yum 1819 adeosa
30BJINS A1) B SNOS[OW  JSaIsey,, Ay} uonezuodea Fuunp ‘ofdure
-xa 104 'sseooxd uonezuodea oy Jo 90usnbasuod [eINEU © S8 OS[e
nq SUONIPUOd JudIquie JurSueyd Jo asnIAq AJUO 10U INIJ0 Kew
Sur[o00o pinbr "$3580109p UONRNUIIUOD I0deA PUE SINIV0 ISISAL
3y1 “pa[ood st prnbif oy J1 ‘A[9SISAUO)) "UOTIBIUIOUOD Jodea pue
amssoid 10dea 1018013 B seonpoid sseyd Jodea oy ur sa[ndsjow
Jo Ioqunu 13)ea1d oy, -aseyd snodased oy} Iajus pue oseyd pm
-biy o adeosa sanoajour a1ouI ‘paseatout st prbiy 2y Jo amyerad
-u19) oY) J1 181y} Uass aq ueo 11 yders sty wiol] ¢l ‘314 ur umoys
se oAINO € s1 aIneradwa) snsioa 2nssaid lodea pajeInes )
70 yde1d oy quode usalg e Joj ‘say, BISAYISSUR JO 9onae1d oy ut
POIoIUNOoUS A[[ewMbu saSUEL IOAO PAIOS[SAU 3q UEd aInssaid ou
-JouroIeq Jo 109JJ3 A sk sty uJ ‘aIneradwe) $71t10 Ajuo spuad
-op pue juaTe oneyIsUE J[NEOA YIea 103 anbrun st axdydsoune |
1e amspoxd 10dea pajeInjes Uy eI SZIUT0IAI 0} jueytodur sty
"9 €8 = 001 X (SEY/EYT) MOU ST DT 18 SUeyO[ey Jo ucuen
~uaou0o 1odea payeinies ayy ‘SH w g9 Moqe A[uo st Anssaxd
SLaWOTR] AY) PUB [9AI] BIS SAOQR 1993 (0§ INOQE ST Sprun[e 3y
210yM ‘OpeIO[o)) ‘ISAUS(] S YONS SUONBOO] UI ‘S[dUIeXs 10, Juade
UE JO UOTIENUSOUOD [eulj ) SSOUIN[JUI os[e aInssald oumeworeq
Y], ‘SUONIPUOD IB[IWIS IOPUN SULIN[JAXOYI3W Uey) S[NB[OA S1ow
st ‘ofdwexs 1o0J ‘oueyiorey ‘I'¢l S[ge], woij urede ‘a10jaIay],
-qusned e 0} 9[qeILATPP FnIp 9y JO UOTIETUIIUOD ) ST 191013

oy ‘amssaxd Jodea o1 1918913 SY) JUBISUOD PAISPISUOD SAqeLIRA
19710 YIAL “(JA9] BaS e aInssaid omoworeq ) St 8H uw g9/
aroym ‘%7€ = 001 X [09L/FT] *2'1) SUORIPUOD [ensn Iopun [qIs
-sod ST oUBIO[RY %7¢ JO UONBIUIOUCD [BWIXEW € (T¢T S[qBL)
sueyjo[ey Jo ased oy ur ‘ofdurexs iog -oinssexd judIque oy
01 amssaxd Jodea oy Sune[al £q pauruIalep A[Ises ag Uued uon
-enuaouod Jodea poyernyes oy, -aanssaid Jodea s31 £q pajeldIp st
jer Surreo e sey Iodea oy sea1oym ‘9001 01 () WOl SUOTRIUID
-U02 Jo 9SURI B 19A0 PaIS)SIUTUIPE 3q Ued ses V iodea 10 se3 e se
POIJISSB[O SIOUBISNS U] SOUSISHIP [eonoeid e solf U1
-aamyesedwa) yoes e pinbyj usAId e JOJ S1STXA 1By 3jeIs Iodea oy
Ur SO[NOS[OW JO UOTIEIUAIUOD WNWIXeW € sjuasddor anssaid
10dva parpanps Y, “SUOLIPUOD 1USIqUIE 18 eISayIsaue 2onpoid
03 ayes Jodea o) Ul JnaYIsaUE Jo sepnasjow ysnoud apiroid o)
JuQIOLNS 1SBI] 1B 9 ISU onjoyIsaUe S[ue[oA & jo omssaid 1odea
oy, -oseyd (1odea) snoases ay) Iajuo 0} Jels pmbip ayy ur sond
-ojou 10J A5USPUS) Y} JO AINSEAW € ST 1 ‘ST Jey) tdjetodeads 0y Lt
~[Iqe )1 JO 2INSESW B ST ONasaue ue Jo amssaid 1odea oy ‘snyf,
-aunssaad 10dva ) se umouy st wnuqi[nbe ut ore saseyd 1odea
pue pmbr oYy usym paxe sa[nosfowr Jodea ayy 1By (8H wur)
amssaid oy, *sed B JO S9[NOS[OW Op St IUURW JWEs 3y A[10exd
ut a1nssaxd 1o eare Jrun 1ad 9010] € 19X IodeA € JO SINIS[ON
‘pareanyes s jutod sI)
1e aseyd ses oy, (jenbs axe aseyd pinbiy 9y 01 Surwmyar pue Jut
-A®Q] S3[noRTOwW JO sroquinu oY) 9°T) aseyd sed sy 03 sa[NoS[oUW

1

(D) ainjesedwa | sze'pee SUOH
-enba sul0juy Woly pajelsusd a1e saan)
oy (0] 0z 0l 0 *$D[}O1SBUE S|I1B|OA XIS 10} aanjeseduus) Jo
0 0 uonoun; e se ainsseud Jodep  ‘g'gl "Bl
-
[ aueinjjAxoyieN .\\\\.\\.\.\ .
L auelnjoaes PRIt VO
et
I R T i <
ooz F aurinpju3l s \ suelnyjos| | 002 .m
)
=
[1']
»
»
c
o
3
3
00v 0]0)4 .Wu
009 009

diysuonejay asmeladwa] - ainssaid J0deA

|9E e SOlsyisauy uoliejeyul




362 e Pharmacology

is a tendency for the temperature of the remaining liquid to fall if
this process is not compensated for externally. As the tempera-
ture decreases, the vapor pressure, and thus the vapor concentra-
tion, also decreases.

Boiling Point The boiling point of a liquid is defined as the
temperature at which the vapor pressure of the liquid is equal to
the atmospheric pressure. Customarily, the boiling temperature is
stated at the standard atmospheric pressure of 760 mm Hg. The
boiling point decreases with increasing altitude because the
vapor pressure does not change, but the barometric pressure de-
creases. The boiling point of N,O is —89°C (Table 13.1) at 1 at-
mosphere pressure at sea level. It is thus a gas under operating-
room conditions. Because of this, it is distributed for clinical
purposes in steel tanks compressed to the liquid %ate at about
750 psi (pounds per square inch; 750 psi/14.9 psi [1 atmosphere]
=50 mc.:o%roﬁmv. As the N,O gas is drawn from the tanks, lig-
uid N,O is vaporized, and the overriding gas pressure remains
constant until no further liquid remains in the tank. At that point,
only N,O gas remains, and the gas pressure decreases from this
point as remaining gas is vented from the tank. Consequently, the
weight of the N,O minus the weight of the tank, rather than the
gas pressure within the tank, is a more accurate guide to the re-
maining amount of N,O in the tank.?

Desflurane, the newest clinically available volatile anesthetic,
also possesses an interesting consideration because its boiling
point (Table 13.1) is near room temperature. This characteristic
accounted for an interesting engineering challenge in developing
an administration device (i.e., a vaporizer) for routine use in the
relatively constant environment of the operating room and limits
further consideration of its use in all but a narrow range of cir-
cumstances commonly encountered in veterinary medical appli-
cations. For example, because of its low boiling point, even evap-
orative cooling has large influences on vapor pressure and thus
the vapor concentration of gas mixtures delivered to patients.

Calculation of Anesthetic Concentration Delivered by a Vaporizer
The saturated vapor pressure of most volatile anesthetics is of
such magnitude that the maximal concentration of anesthetic at-
tainable at usual operating-room conditions is above the range of
concentrations that are commonly necessary for safe clinical
anesthetic management. Therefore, some control of the delivered
concentration is necessary and usually provided by a device
known as a vaporizer. The purpose of the vaporizer is to dilute
the vapor generated from the liquid anesthetic with O, (or an O,
and N,O mixture) to produ¢e a more satisfactory inspired-
anesthetic concentration. This anesthetic dilution is usually ac-
complished as indicated in the Fig. 13.6 model by diverting the
gas entering the vaporizer into two streams, one that enters
the vaporizing chamber (anesthetic chamber volume: V,..) and
the other that bypasses the vaporizing chamber (dilution volume
or Vgiuson): If the vaporizer is efficient, the carrier gas passing
through the vaporizing chamber becomes completely saturated to
an anesthetic concentration (%) reflected by (anesthetic-agent
vapor pressure/atmospheric pressure) X 100, at the vaporizer
chamber temperature. The resultant anesthetic concentration then

is decreased (diluted) downstream by the second gas stream to a
“working” concentration. In modern, precision, agent-specific
vaporizers no mental effort is required—just set the dial; the
manufacturers have precalibrated the vaporizer for accurate de-
livery of the dialed concentration. Nevertheless, it is helpful to
our overall understanding to know the principles underlying this
convenience and how to apply these principles in the use of older
noncompensated measured-flow vaporizers.

To calculate the anesthetic concentration from the vaporizer,
one must know the vapor pressure of the agent (at the tempera-
ture of use), the atmospheric pressure, the fresh gas flow enter-
ing the vaporizing chamber, and the diluent gas flow. Then,

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

More detail for interested readers is presented in Fig. 13.6.

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

Solubility of Gases As previously mentioned, molecules of a
gas that overlie a liquid surface are in random motion, and some
penetrate the liquid surface. After entering the liquid they inter-
mingle with the molecules of the liquid (i.e., the gas dissolves in
the liquid). There is a net movement of the gas into the liquid
until equilibrium is established between the dissolved gas in the
liquid and the undissolved portion above the liquid. At this time
there is no further net gain of gas molecules by the liquid, and the
number of gas molecules entering the liquid equals the number
leaving. The gas molecules within the liquid exert the same pres-
sure or tension that they exert in the gas phase. If the pressure
(i.e., the number of gas molecules overlying the liquid) is in-
creased, more molecules pass into the liquid, and the pressure
within the liquid is increased. This net inward movement of gas
molecules continues until a new equilibrium is established be-
tween the pressure of the gas in the liquid and that overlying the
liquid. Alternatively, if the pressure of gas overlying the liquid is
somehow decreased below that in the liquid, gas molecules es-
cape from the liquid. This net outward movement of gas mole-
cules from the liquid phase continues until equilibrium between
the two phases is reestablished.

The amount, that is, the total number of molecules of a given
gas dissolving in a solvent depends on the chemical nature of the
gas itself, the partial pressure of the gas, the nature of the solvent,
and the temperature. This relationship is described by Henry’s
law,

V=S XP
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Fig. 13¥. Diagrammatic representation of an anesthetic gas distrib-
uting itself among three compartments (gas, oil, and water). At equi-
librium, the number of anesthetic molecules in the three compart-
ments differs, but the pressure exerted by the anesthetic molecules
is the same in each compartment.

Conversely, as blood is cooled from a normal body temperature
(e.g., hypothermia), gases become more soluble in blood.

The extent to which a gas will dissolve in a given solvent is
usually expressed in terms of its solubility coefficient (Table
13.2). With inhalation anesthetics, solubility is most commonly
measured and expressed as a partition coefficient (PC). Other
measurements of solubility include the Bunsen and Ostwald sol-
ubility coefficients.-10

The PC is the concentration ratio of an anesthetic in the sol-
vent and gas phases (e.g., blood and gas) (Fig. 13.8) or between
two tissue solvents (e.g., brain and blood) (Table 13.2). It thus
describes the capacity of a given solvent to dissolve the anes-
thetic gas; that is, how the anesthetic will partition itself between
the gas and the liquid solvent phases after equilibrium has been
reached. Remember, anesthetic gas movement occurs because of
a partial pressure difference in the gas and liquid solvent phases,
so when there is no longer any anesthetic partial pressure differ-
ence there is no longer any net movement of anesthetic, and equi-
librium has been achieved. Solvent-gas PCs are summarized in
Table 13.2. The values noted in this table are for human tissues
because these values are most widely available in the anesthesia
literature. Comparative data for halothane with some species of
clinical interest in veterinary medicine is listed in Table 13.3.
Regardless of the species, it is important to emphasize that many
factors can alter anesthetic-agent solubility.!9-13 Perhaps the
most notable after the nature of the solvent is temperature.

Of all the PCs that have been described or are of interest, two
are of particular importance in the practical understanding of
anesthetic action. They are the blood-gas and the oil-gas solubil-
ity coefficients.

Blood _ 1% _ 45
Gas 2% ¢

<>

L) O

Bood _ 2% _
Gas ~ 1%~ 20

<——>D
<[]

[]

Fig. 13.8. Blood-gas partition coefficient illustration. Adapted from
Eger.’®

Blood-Gas Partition Coefficient Blood-gas solubility coefti-
cients (Tables 13.2 and 13.3) provide a means for predicting the
speed of anesthetic induction, recovery, and change of anesthetic
depth. Assume, for example, that anesthetic A has a blood-gas
PC value of 15. This means that the concentration of the anes-
thetic in blood will be 15 times greater at equilibrium than that in
alveolar gas. Expressed differently, the same volume of blood,
say 1 mL, will hold 15 times more of anesthetic A than 1 mL of
alveolar gas despite an equal partial pressure. Alternatively, con-
sider anesthetic B with a PC of 1.4. This PC indicates that, at
equilibrium, the amount of anesthetic B is only 1.4 times greater
in blood than it is in alveolar air. Comparing the PC of anesthetic
A with that of anesthetic B indicates that anesthetic A is much
more soluble in blood than B (nearly 11 times more soluble:
15/1.4). From this, and assuming other conditions are equal,
anesthetic A will require a longer time of administration to attain
a partial pressure in the body for a particular end point (say, anes-
thetic induction) than will anesthetic B. Also, since there is more
of anesthetic A contained in blood and other body tissues under
similar conditions, elimination (and therefore anesthetic recov-
ery) will be prolonged when compared with anesthetic B.

Oil-Gas Partition Coefficient The oil-gas PC is another solu-
bility characteristic of clinical importance (Table 13.2). This PC
describes the ratio of the concentration of an anesthetic in oil
(olive oil is the standard) and gas phases at equilibrium. The oil-
gas PC correlates directly with anesthetic potency (see the sec-
tion Anesthetic Dose: The Minimum Alveolar Concentration)
and describes the capacity of lipids for anesthetic.

Other FPartition Coefficients Solubility characteristics for vari-
ous tissues (Tables 13.2 and 13.3) and other media, such as rubber
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A. Increased alveolar delivery
1. Increased inspired anesthetic concentration
a. Increased vaporization of agent
b. Increased vaporizer dial setting
c. Increased fresh gas inflow
d. Decreased gas volume of patient breathing circuit
2. Increased alveolar ventilation
a. Increased minute ventilation
b. Decreased dead space ventilation
B. Decreased removal from the alveoli
1. Decreased blood solubility of anesthetic
2. Decreased cardiac output
3. Decreased alveolar-venous anesthetic gradient

Fig. 13.10. Factors related to a change in alveolar anesthetic ten-
sion (P,, alveolar partial pressure). -
‘.n,;

ciated with a rapid anesthetic induction or change in anesthetic
depth. Wmﬁoﬁ that contribute to a rapid change in the P, of anes-
thetic are summarized in Fig. 13.10.

Delivery to the Alveoli

Delivery of anesthetic to the alveoli and therefore the rate of rise
of the alveolar concentration or fraction (F,) toward the inspired
concentration or fraction (F;) depends on the inspired-anesthetic
concentration itself and the magnitude of alveolar ventilation.
Increasing either one of these or both increases the rate of rise of
the P, of anesthetic; that is, with other things considered equal
there is an increase in speed of anesthetic induction or change in
anesthetic level.

Inspired Concentration The inspired concentration has a num-
ber of variables controlling it. First of all, the upper limit of in-
spired concentration is dictated by the agent vapor pressure,
which in turn depends on temperature. This may be especially
important considering the breadth of veterinary medical applica-
tion of inhaled anesthesia and methods of vaporizing volatile

anesthetics under widely diverse conditions (some environmental
conditions are quite hostile).

Characteristics of the patient breathing system can also be a
major factor in generating a suitable inspired concentration under
usual operating-room conditions. Characteristics of special im-
portance include the volume of the system, the amount of rubber
or plastic components of the system, the position of the vaporizer
relative to the breathing circuit (i.e., within or outside of the cir-
cuit), and the fresh gas inflow to the patient breathing circuit. The
patient breathing circuit contains a gas volume that must be re-
placed with gas containing the desired anesthetic concentration.
Thus, the volume of the breathing circuit serves as a buffer to
delay the rise of anesthetic concentration. In the management of
small animals (i.e., animals weighing less than 10 kg) a non-
rebreathing patient circuit and/or a refatively high fresh gas inflow
into the patient breathing circuit is usually used, so there should
not be a clinically important difference between the delivered
(e.g., vaporizer dial setting) and the inspired concentrations. That
is, when the vaporizer dial setting is adjusted to the desired con-
centration setting, the fresh gas plus anesthetic flowing from the
vaporizer almost immediately contains the dialed anesthetic vapor
concentration. In addition, the total gas flow is high relative to the
volume of the delivery circuit, so the anesthetic concentration in
the inspired breath is rapidly increased. However, with animals
weighing more than 10 kg, a circle, CO, absorber (i.e., rebreath-
ing), patient breathing circuit is most commonly used for inhala-
tion anesthesia. The volume of this breathing circuit may be very
large compared with fresh gas inflow. This volume markedly de-
lays the rate of rise of inspired-anesthetic concentration because
the residual gas volume must be “washed out” and replaced by
anesthetic containing fresh gas in order for the inspired concentra-
tion to increase to that delivered from the vaporizer (Fig. 13.11).
In addition, exhaled gas (minus CO,) is rebreathed to varying de-
grees with these circuits. The inspired gas is composed of exhaled
and fresh gases. Because the expired gas contains less anesthetic
than does the fresh gas, the inspired-anesthetic gas concentration
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Fig. 13.11. A comparison of the rate of increase of inspired-halothane concentration toward a constant-delivered concentration Fing,/Fge in @
7-L small animal anesthetic breathing circuit (SAAM) at fresh gas flow rates of 1, 3, 6, and 12 L/min (LPM).Y7
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Nitrous Oxide

Desflurane

Sevoflurane

Isofiurane

Enflurane

Halothane

Methoxyflurane

0 10 20 30 40
Minutes

Fig. 13.13. The rise in the alveolar anesthetic concentration (Fp) to-
ward the inspired concentration (F)). Note that the rise is most rapid
with the least soluble anesthetic, nitrous oxide, and slowest with the
most soluble anesthetic, methoxyflurane. All data are from studies in
people. The curves are redrawn from Eger.’:326

halation anesthetic distributes itself between two phases or two
solvents (e.g., the quantity of agent in blood and alveoli [gas] or
blood and muscle, respectively) once equilibrium is established
(i.e., when the anesthetic partial pressure is equal). Based on
blood-gas PCs, inhalation anesthetics range from highly soluble
(methoxyflurane) to poorly soluble (N,O, desflurane, and
sevoflurane). Agents such as halothane and isoflurane are inter-
mediary.

Compared with an anesthetic with high blood solubility (PC),
an agent with low blood solubility is associated with a more rapid
equilibration because a smaller amount of anesthetic must be dis-
solved in the blood before equilibrium is reached with the gas
phase. In the case of the agent with a high blood-gas PC the
blood acts like a large “sink” into which the anesthetic is poured,
and accordingly blood is “reluctant” to give up the agent to other
tissues (such as the brain). The blood serves as a conduit for drug
delivery to the brain and as such can be visualized as a pharma-
cologically inactive reservoirthat is interposed between the lungs
and the agent’s site of desired pharmacological activity (e,
brain). Therefore, an anesthetic agent with a low blood-gas PCis
usually more desirable than a highly soluble agent, because itis
associated with (a) 2 more tapid anesthetic induction (i.e., more
rapid rate of rise in alveolar concentration during induction [Fig.
13.131); (b) a more precise control of anesthetic depth (i.e., alve-
olar concentration during the anesthetic maintenance); and (c) a
more rapid elimination of anesthetic and recovery (i.e., a rapid
decrease in alveolar concentration during recovery).

1.0 r
- L
< 0.5
L. 18 L/min
0.0 e
0 10 20 30 40

Minutes

Fig. 13.14. The effect of cardiac output on the rise of the alveolar
concentration (F,) of halothane toward the inspired concentration (F)).
As noted, the F,/F, ratio increases more rapidly as cardiac output is
decreased from 18 to 2 L/min. Redrawn from Eger.1

Cardiac Output The amount of blood flowing through the
lungs and into body tissues also influences apesthetic uptake
from the lungs. The greater the CO, the more blood is passing
through the lungs carrying away anesthetic from the alveoli.
Thus, a large CO, like increased anesthetic-agent blood solubil-
ity, delays the alveolar rise of Ppes (Fig. 13.14). Patient excite-
ment is an example in which a relatively large CO is anticipated.
Conversely, a reduced CO should be anticipated with a patient in
shock. Such a situation would be associated with an increase in
the rate of the P, increase of the anesthetic, and this, along with
other factors, make the anesthetic induction more rapid and risky.

Alveolar to Venous Anesthetic Partial Pressure Difference  The
magnitude of difference in anesthetic partial pressure between
the alveoli and mixed venous blood is related to the amount of
uptake of anesthetic by tissues. It is not surprising that the largest
gradient occurs during induction. Once the tissues no longer ab-
sorb anesthetic (i.e., equilibrium is reached), there is no longer
any uptake of anesthetic from the lungs because P = P4 (ie., the
mixed venous blood returning to the lungs contains as much
anesthetic as when it left the lungs). The changes in gradient be-
tween the initiation of induction and equilibration result in part
from the relative distribution of CO. In this regard it is important
to recognize that roughly 70% to 80% of the CO is normally di-
rected to only a small volume of body tissues in a lean individ-
ual 2021 Tissues such as the brain, heart, hepatoportal system,
and kidneys represent only about 10% of the body mass but nor-
mally receive about 75% of the total blood flow each minute. As
a result these highly perfused tissues equilibrate rapidly with ar-
terial anesthetic partial pressure when compared with other body
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Fig. 13.16. The decrease in the alveolar anesthetic ¢encentration (Fg) from the concentration at the time of beathing circuit disconnect (i.e.,
the beginning of recovery from anesthesia; Fgo) is influenced by both the solubility () of anesthetic and the duration of anesthesia. From

Stoelting and Eger,27 with permission.

tion anesthetic elimination from the body include percutaneous
loss, intertissue diffusion of agents, and metabolism. Transcutan-
eous movement of inhalation agent occurs, but the amount under
consideration is small.242628 Intertissue diffusion is of theoreti-
cal interest, but its clinical importance is limited.?=!
Metabolism may also play a small role with some inhalation
anesthetics (e.g., methoxyflurane and perhaps even halothane),
especially when associated with prolonged anesthesia 23234

A special consideration associated with recovery after use of
N,O also deserves comment. Diffusion hypoxia is a possibility at
the end of N,O administration when the patient breathes air imme-
diately rather than O, for at least a brief transition period (ie., 5 to
10 min).35-37 In this case a large volume of N,O enters the lung
from the blood. This early rapid inflow of N,O to the lung dis-
places other gases within the lung. If at this time the patient is
breathing air (only about 21% O,) rather than 100% 0,, N,O di-
lutes alveolar O,, further reducing O, tension from levels found in
ambient air. This action may cause life-threatening reductions in
arterial oxygenation. Since the major effect is in the first few min-
utes after discontinuing N,O, the condition can be prevented by
administering pure O, at the conclusion of N,O administration
rather than allowing the patient to breathe ambient air immediately.

Biotransformation
Inhalation anesthetics are not chemicaily inert.*® They undergo
varying degrees of metabolism primarily in the liver but also to
lesser degrees in the lung, kidnéy, and intestinal tract 323942 The
importance of this is twofold. First, in a very limited way with
older anesthetics, metabolism may facilitate anesthetic recovery.
Second and more important is the potential for acute and chronic
toxicities by intermediary or end metabolites of inhalation
agents, especially on kidneys, liver, and reproductive organs.>*42
The magnitude of metabolism of inhalation anesthetic agents
is determined by a variety of factors, including the chemical
structure, hepatic enzyme activity (cytochrome P-450 enzymes
located in the endoplasmic reticulum of the hepatocyte), the
blood concentration of the anesthetic,*3 disease states, and ge-

Table 13.6. Biotransformation of inhalation anesthetics in humans

% Anesthetic
Anesthetic Metabolized References
Methoxyflurane 50-75 34,41
Halothane 20-46 34, 40, 329
Sevoflurane 2-5 53, 330
Enflurane 2-8 34, 331
Isoflurane 0.2 .wmm
Desflurane 0.02 56
Nitrous oxide 0.004 293, 294

netic factors (i.e., some species and individuals are more active
metabolizers of these drugs than are others, e.g., humans com-
pared with rats).

An indication of the extent of biotransformation of contempo-
rary inhalation anesthetics is presented in Table 13.6. Sevoflu-
rane degrades in vivo to about the same extent as isoflurane and
as indicated by transient postanesthetic increases in blood and
urinary fluoride levels in rats,*~*® dogs.*7 horses,**! swine,>?
and people.3 The peak serum fluoride concentrations observed
in people during and after sevoflurane anesthesia are low, and
nephrotoxicity is not expected.>3* Desflurane resists degrada-
tion in vivo.523536 The increase in serum inorganic fluoride is
much smaller than that found with isoflurane.325%-3

For further information on the biotransformation of inhalation
anesthetics in general and for specific details regarding individ-
ual anesthetic agents, readers are referred to reviews by Baden
and Rice3? and Mazze and Fujinaga.*?

Anesthetic Dose: The Minimum
Alveolar Concentration

In 1963 Merkel and Eger described what has become the stan-
dard index of anesthetic potency for inhalation anesthetics: the
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Table 13.7a. Minimum alveolar concentration values (%) for a variety of mammals at sea level or near sea level conditions

Desflurane Halothane Isoflurane Sevoflurane N;O
Cat 9.79%33 0.99335,336 1.28339 2.5831 255337
10.27334 1.143%7 1.503% 3.0733%
1.19338 1.61338 3.41334
1.63168
1.90334
2.21340
Cow 0.76%42(calf) 1.14343 223342 (calf)
Dog 7.2344 0.86%47 1.28165 2.10868 188348
7.68-8.1 wmbm O.mﬂmwu_m»mb\_o 1 .woﬁo M.wmmmo MMMmmw
Ao.mm\_m O.moA_mN_.mmo 4.ml_mmw M@ﬂwmm
0.92351 - 1.39165
g 0.93%62 1.39-1.50%%4
Ferret 1.01356+ 1.52356 267356
' 1.74%57
Goaty 1.29358 1.27 2.33358
1.3%59 1.23360
1.29358
1.31 361
1.43362
1 .mmmo
Horse 7.02363 0.8860 1.3160 2.31368 205213
8.0651 0.95364 1.43141 2.84369
1.02365 1.44366
1.05142 1.64367
Monkey 0.893%7 1.28370 200337
1.15370 1.46140
Mouse 6.6-9.12:371 0.95372 1.31-1.77237 2.7%75 150376 '
1.00373 1.35872 275373
1.19-1.37237 1.41378
1 .WOQE
Pig 10.0062 0.90%77 1.45380 1.97383 162381
0.91878 1.48%77 2.12377 195382
1.25%79 151140 2.53384 277879
1.55381 2.66%2 -
1.75382
2.0452
Rabbit 8.90344 0.80385 2.05388 3.70392
0.82°86 2.07389
1.05387 2.12890
1.39388
1.42389
1.443%0
1.56%91

or 2.0 times the MAC or simply 1.5 MAC or 2.0 MAC). From
the preceding discussion, therefore, the EDs, equals the MAC
or 1.0 MAC and represents a light level of anesthesia (clearly in-
adequate in 50% of otherwise unmedicated, healthy animals).
The EDgs is 1.2 to 1.4 MAC, and 2.0 MAC represents a deep
level of anesthesia, in some cases even an anesthetic overdose.
The concept of MAC multiples can be used to compare drug ef-
fects and contrast pharmacodynamics of multiple doses of a spe-
cific drug.

Pharmacodynamics: Actions and
Toxicity of the Volatile Anesthetics

All contemporary inhalation anesthetic agents in one way or an-
other influence vital organ function. Some actions are inevitable
and accompany the use of all agents, whereas other actions are a
special or prominent feature of one or a number of the agents. In
addition, dose-response relationships of inhalation anesthetics
are not necessarily parallel. Differences in action, and especially
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Fig. 13.17. When nitrous oxide (N,O) is combined with halothane
the alveolar concentration of halothane at minimum alveolar concen-
tration is decreased. However, the halothane sparing imposed by ni-
trous oxide (N,O) is less in animals compared with humans. From
Steffey and Eger,2'6 with permission.

tion commonly accompany anesthetic management of animals in
both clinical and laboratory settings. These variables influence
drug pharmacodynamics and may cause individuals to respond
differently than test subjects that were studied under standardized
conditions. Such confounding variables include species, duration
of anesthesia, noxious (painful) stimulation, coexisting disease,
concurrent medications, variation in body temperature, and ex-
tremes of age as examples.

Central Nervous System

Inhalation anesthetics affect the CNS in many ways. Mostly
these agents are selected because they induce a reversible, dose-
related state of CNS (somatic and motor), but also hemodynamic
and endocrine, unresponsiveness to noxious stimulation: that is,
a state of general anesthesia. Interestingly, although clinical
anesthesia was introduced more than 150 years ago, the sites and
mechanisms by which general anesthetics (including the inhala-
tion anesthetics) cause unresponsiveness to surgical or other
forms of noxious stimulation remain unknown. Traditionally, this
summary state we refer to as general anesthesia was assumed to
result from a focus in the brain. However, mounting evidence is
causing a shift in thinking such that this state we know as general
anesthesia is likely the collection of a number of end points that
are distinct and site specific, and include supraspinal and spinal
events. For example, actions focused in the brain (especially the
cerebral cortex and thalamus) mediate such centrally recognized
components of general anesthesia as amnesia (at least in humans)
and hypnosis (sleep), whereas the spinal cord appears to be a crit-
ical site of anesthetic action that suppresses noxious-evoked
movement.”%72 In-depth review of known neural effects and the-
ories of mechanism of action of inhalation anesthetics is beyond

the scope of this clinically focused review. Accordingly, readers
with further interest in these subjects are referred to recent re-
views by investigators currently active in this work. 7374
Inhalation anesthetics influence electrical activity of the brain,
cerebral metabolism, cerebral perfusion, intracranial pressure,
and analgesia—issues of critical importance to anesthetic man-

agement of animals.

Electroencephalographic Effects

The electroencephalograph (EEG) is used to help identify patho-
logical brain disorders and to predict the outcome of brain insults.
Studies have also shown that general anesthesia alters EEG pa-
rameters, and we apply this knowledge to better understand anes-
thetic circumstances. The EEG signal (wave) contains two basic
parameters within a time frame (i.es continues or an epoch): am-
plitude and frequency. Amplitude is the electrical height of the
waves in volts, and frequency is the number of times per second
the wave crosses the zero voltage reference point. The signal from
an alert, attentive brain is usually low amplitude and high fre-
quency. When events that lead the brain to produce higher fre-
quencies occur, the EEG is described as activated, and it is con-
sidered depressed when slower frequencies are noted. General
characteristics of the normal EEG are that it is symmetrical, the
patterns are predictable, and spike waveforms are not present. All
anesthetics do not produce exactly the same changes in EEG pat-
tern as dose (anesthetic depth) increases, so the generic correlation
of the raw EEG pattern with anesthetic dose is not precise. Indeed,
despite some weak correlations and its usefulness:as an indication
of changing anesthetic depth, no parameter has had sensitivity and
specificity sufficient to justify use of the EEG alone as a reliable
index of anesthetic depth.”> With technological advances of recent
years, research has focused on use of processed EEG parameters
(e.g., the bispectral index) as improved descriptions of anesthetic
states. However, this subject is beyond the scope of this chapter
and therefore is explored elsewhere (see Chapter 38).

In general, as the depth of anesthesia increases from awake
states, the electrical activity of the cerebral cortex becomes de-
synchronized. Using isoflurane as an example of the general
EEG response to volatile anesthetics,! the frequency of the
EEQG activity (alveolar concentrations of <0.4 MAC) initially in-
creases. With further increases in anesthetic concentration, a
decrease in frequency and increased amplitude of the EEG
waves occur. The wave amplitude increases to a peak (about 1
MAC), and then, with further dose increase, the amplitude pro-
gressively declines (burst suppression occurs at about 1.5 MAC;
i.e., bursts of slow high-voltage activity separated by electrical
silence) and eventually becomes flatline (predominance of elec-
trical silence). With isoflurane, an isoelectric pattern occurs at
about 2.0 MAC, whereas, on the other extreme, it is not seen
with halothane until >3.5 MAC. Electrical silence does not
occur with enflurane. The two newest volatile anesthetics—
sevoflurane and desflurane—cause dose-related changes similar
to those of isoflurane.”678

Several anesthetics in contemporary use have epileptogenic
potential, especially in individuals predisposed to seizures.
Enflurane is most prominent in this regard among the inhalation
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376 e Pharmacology

thesia reducing cerebral O, consumption and increase due to va-
sodilation caused by direct anesthetic action on vascular smooth
muscle.?3 This can be summarized by saying the ratio of CBF
relative to CMR is increased by the potent inhalation anesthetics.
The effect is anesthetic dose related and influenced by agent. The
rank order of CBF increase is generally regarded as halothane >
enflurane, isoflurane, desflurane, and sevoflurane (all four being
similar).9 Effects on CBF have been shown to be time depend-
ent in animals®* but not in humans.®’

Intracranial Pressure

The inhalation anesthetics increase intracranial pressure (ICP),
and this change parallels the CBF increase that similarly accom-
panies these agentg, 758 In larger animals such as horses, body
and head position further impacts the heart-to-braig hydrostatic
gradient, which in turn can further impact ICP. Consequently,
body position necessitates even greater consideration in anes-
925&. horses than is commonly considered in smaller species
s0 as to minimize risks of inadequate CBF and cerebral is-
chemia.®® It is generally regarded across species lines that ICP
increases can be decreased by hyperventilation and decreasing
PaC0,.!% Accordingly, use of hyperventilation is a common
strategy in clinical situations in which even small elevaiions in
ICP are of special concern. Mechanical ventilation and accompa-
nying reduced PaCO, also reduce ICP in horses.'%! However, be-
cause of the commonly associated, often large decrease in sys-
temic blood pressure in this species, cerebral perfusion pressure
may decrease out of proportion and further reduce CBFE.

Analgesia

A clinically desirable general anesthetic includes both hypnotic
and analgesic actions. However, studies to differentiate hypno-
tic potency from analgesic potency within the anesthetic-
concentration range is, at the least, difficult to interpret. Studies
of subanesthetic concentrations of inhalation anesthetics have
been preformed but with conflicting results. Some inhalation
anesthetics have been reported to increase the response threshold
to noxious stimulation compared with like, but unmedicated,
conditions (e.g., diethyl ether), whereas others (e.g., isoflurane
and sevoflurane) do not change the threshold,'0>19 and still
others, like halothane,!% may decrease the threshold for re-
sponse and contribuie a heightened awareness to noxious stimu-
lation (i.e., antianalgesia). More recent work even suggests that
inhalation anesthetics (including diethyl ether and N,O) can be
antianalgesic.195 An antianalgesic effect may enhance perception
of noxious stimulation (pain) for varying periods during, for ex-
ample, recovery from anesthesia when low-level alveolar con-
centrations are reached.

Respiratory System

Inhalation anesthetics depress respiratory system function. The
volatile agents, in particular, decrease ventilation in a drug-
specific and species-specific manner. Depending on conditions,
including species of interest, some of the most commonly con-
sidered measures of breathing effectiveness—that is, breathing
rate and depth (tidal volume)—may not be revealing or may even

Table 13.9. Apneic index (Al) in various species

Desflurane Halothane Isoflurane
MAC Al MAC Al MAC Al

Cat 163 2.416
Dog 7.2 24119 0.87 2.9349 1.28 25165
Horse 0.88 2.6%0 1.31 2.380
Pig 9.8 1.6119.446
Rat 1.11 23173 1.38 3.1'72
Human 7.25 1.8 0.77 2312 115 1.7'2

Minimum alveolar concentration (MAC) is given in volume percent, and
the Al is a ratio of the end-tidal w:omﬂro:o;nonoosﬂﬁ:os at apnea and
MAC. Similar data are not currently available for sevoflurane.

be misleading. In general, spontaneous ventilation progressively
decreases as inhalation anesthetic dose is increased, because at
low-dose tidal volume decreases more than frequency increases.
As anesthetic dose is further increased, respiratory frequency
also decreases. In otherwise unmedicated animals (as well as
people) anesthetized with volatile agents, respiratory arrest oc-
curs at 1.5 to 3.0 MAC (Table 13.9). The overall decrease in
minute ventilation and the likely variable increase in dead-space
ventilation (causing an increase in the dead spaceto tidal volume
ratio, Vp/V,, from a normal of about 0.3 to 0.5 or more) reduce
alveolar ventilation. Decreases in alveolar ventilation are out of
proportion to decreases in CO, production (O, use is decreased
by general anesthesia), such that PaCO, increases (Fig. 13.18). In
addition, the normal stimulation to ventilation caused by in-
creased PaCO, (or decreased PaO,) is depressed by the inhala-
tion anesthetics, @Rm_::mzw via the action of these agents di-
rectly on the medullary and peripheral (aortic and carotid body)
chemoreceptors.!%-19 Changes in perianesthetic PaO, other
than what might be related to the magnitude of alveolar ventila-
tion are not notably different among the various inhalation anes-
thetics in a given species.

Bronchospasm is associated with some diseases and other pa-
tient conditions and contributes to increased airway resistance. A
variety of early studies indicated that, among anesthetics avail-
able at the time, halothane was the most effective bronchodila-
tor.|10.111 The effect is believed to result at least partially by de-
creasing cholinergic neurotransmission.!!>!13 For years,
therefore, it has been the anesthetic agent of choice for patients
at risk of bronchospasm. The work of Hirshman and col-
leagues!!4!115 suggests that isoflurane and perhaps enflurane
were as effective in decreasing experimentally produced airway
resistance and therefore were good alternatives to halothane.
More recent work with isoflurane, sevoflurane, and desflurane
indicates that relaxation of constricted bronchial muscles by
these agents is at least equal to or exceeds that caused by
T&OHTNDO.:P:@L:

Avoidance of airway irritation by inspiring inhalation anes-
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Table 13.10. Factors that influence cardiovascular effects of
inhalation anesthetics

Anesthetic dose
Duration of anesthesia
Concurrent drug therapy
Intravenous fluid therapy
Magnitude of PaCO,
Mechanical ventilation
Noxious stimulation

PaCQ,, arterial carbon dioxide partial pressure.

characteristics resegabling both halothane and isoflurane. All
three of the newer volatile anesthetics tend to preserve CO at
clinically useful concentrations.>!119.146-154 The decrease in CO
is largely due to a decrease in stroke volume as a result of dose-
related depression in myocardial contractility.!-119-130:135-157

The effect of inhalation anesthetics on heart rate (HR) is vari-
able and depends on agent and species. For example, in humans,
HR is not substantially altered with halothane anesthesia but is
usually increased by isoflurane, desflurane, and sevoflu-
rane, 153,158,159 Compared with conditions in awake, calm dogs,
HR is increased with the use of any of the four anesthetics
listed.14%:154 There is evidence to suggest that differences be-
tween agents in the degree of increase in HR in dogs are ex-
plained by differences in the vagolytic activity of the agents.!>2
In dogs the HR usually remains constant over a range of clini-
cally useful alveolar concentrations in the absence of other mod-
ifying factors (e.g., noxious stimulation),!43:144,149.154.160,161 The
distribution of blood flow to organs is altered during inhalation
anesthesia. Readers with special interest in these changes are re-
ferred elsewhere for further information, 162163

Arterial Blood Pressure

Volatile anesthetics cause a dose-dependent decrease in arterial
blood pressure (Fig. 13.19).1551143,14%,151,154,164-168 Iy geperal
the dose-related decrease in arterial blood pressure is similar re-
gardless of the species studied.00143,145.148,164-166,168-170 T ypj.
mals the dose-related decrease in blood pressure with all four of
the contemporary agents is usually related mostly to a decrease
in stroke volume. In some cases (agent and/or species) a decrease
in peripheral vascular resistance may also play an important, but
lesser, role. This common scenario in animals differs from results
generally reported from studies with people anesthetized at least
with isoflurane, sevoflurane, and desflurane, whereby pressure
decreases primarily from a decrease in systemic vascular resist-
ance. 317! Indices of anesthetic influence on cardiovascular col-
lapse are listed in Table 13.11,143.172.173

Cardiac Rhythm and Catecholamines

Inhalation anesthetics may increase the automaticity of the my-
ocardium and the likelihood of propagated impulses from ectopic
sites, especially from within the ventricle.’* Although sponta-
neously derived dysrhythmias were most notable with earlier in-
halation anesthetics (e.g., halothane), none of the three most re-

120

100

24
o

Enflurane
Halothane
Halothane-N,O
Isoflurane

Methoxyflurane
Sevoflurane

h)

Desflurane

0 ' T Y T Y e |
1 2 3

MAC MULTIPLE

Fig. 13.19. Inhalation anesthetics cause a dose (expressed as mul-
tiples of the minimum alveolar concentration [MAC])-dependent de-
crease in mean arterial biood pressure (MAP) in dogs whose ventila-
tion is mechanically controlled to produce eucapnia. N,O, nitrous
oxide. Data are from many sources and referenced in the text.

MAP (mm Hg)
2
o0 ¢ed4pmO

(=]
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Table 13.11. Anesthetic-induced cardiovascular depression as ex-
pressed by cardiovascular anesthetic indices

Desflurane Halothane Isoflurane

Dog? 2.84 2.69

Pigb 2.45- 3.02

Rat® 3.0 5.7

¥The anesthetic concentration causing death in ventilated dogs related to the
minimum alveolar concentration (MAC).!1?

PMean fatal dose related to the MAC.446

¢Heart concentration of anesthetic at cardiovascular failure related to heart
concentration of anesthetic at establishment of anesthesia.!72173

cently introduced ether-derivative agents appear to predispose
the heart to generated extrasystoles. However, any such effect
can be exaggerated by adrenergic agonists.!” The association of
cardiac dysrhythmias with adrenergic drugs and anesthetic
agents has received extensive study.

Inhalation anesthetics may sensitize the heart to arrhythmo-
genic effects of catecholamines. Halothane is most notable in this
regard, as it markedly reduces the amount of epinephrine neces-
sary to cause ventricular premature contractions.!”® There is
some evidence that deeper levels of halothane decrease this inci-
dence,!77=179 but this is not a consistent finding.!®° Enflurane and
methoxyflurane are less potent in regard to their ability to sensi-
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Effects on the Kidneys

It is generally regarded that present-day volatile inhalation anes-
thetics produce similar mild, reversible, dose-related decreases in
renal blood flow and glomerular filtration rate and that such
changes largely reflect an anesthetic-induced decrease in CO.!7!
However, some studies show little or no change in these kidney-
related parameters.+103.220.221

As a consequence of the anesthetic-induced decrease in
glomerular filtration, healthy anesthetized animals commonly
produce a smaller volume of concentrated urine compared with
when awake. An increase in serum urea nitrogen, creatinine, and
inorganic phosphate may accompany especially prolonged anes-
thesia.?22-225 The reduction in renal function is highly influenced
by an animal’s stajg of hydration and hemodynamics during
anesthesia.??® Accordingly, attendant intravenous fluid therapy
and prevention of a marked reduction in renal blood flow will
lessen or counteract the tendency for reduced renal function. In
most owmmm“ effects of inhalation anesthesia on renal function are
rapidly reversed after anesthesia.

Among the inhalation anesthetics, methoxyflurane is the most
nephrotoxic. Although it is no longer available for use in human
or animal patients, its actions are of pathophysiological interest
and therefore is briefly reviewed here. Particularly in humans and
some strains of rats, the use of methoxyflurane caused renal fail-
ure that was characterized not by oliguria but by a large urine
volume unresponsive to vasopressin.? This was caused by the
biotransformation of methoxyflurane and the large release of free
fluoride ion that, in turn, directly damaged the renal tubules.
Although renal injury in animals is rare, renal injury has been re-
ported in dogs when methoxyflurane was used in combination
with tetracycline antibiotics?2” and flunixin.22’

With the possible exception of enflurane and sevoflurane, the
breakdown of other inhalation anesthetics does not pose a risk of
fluoride-induced nephrotoxicity. Biotransformation of enflurane
and sevoflurane by humans following a moderate duration of
anesthesia causes serum inorganic fluoride concentrations to in-
crease even beyond the 50-umol/L level, which is normally con-
sidered the nephrotoxic threshold in humans.32:171.228229 gy,
ever, clinical, histological, or biochemical evidence of injury
related to increases in fluoride has only rarely been reported in
human patients. The overriding consensus is that sevoflurane has
little potential for nephrotoxicity caused by defluorination.32:171
Two factors may explain the general lack of injury despite the
body’s ability to degrade sevoflurane. In 1977, Mazze et al.230
proposed that the area under the serum fluoride concentration-
versus-time curve may be a more important determinant of
nephrotoxicity than is peak serum fluoride concentration. Be-
cause sevoflurane is poorly soluble and is rapidly eliminated via
the lungs the duration of its availability for biotransformation is
notably limited. More recently, Kharasch and coworkers23! pro-
posed another consideration: Sevoflurane is primarily metabo-
lized by the liver, whereas hepatic and renal sites are important
for methoxyflurane breakdown. The relative lack of intrarenal
anesthetic defluorination may markedly reduce its nephrotoxic
potential. Studies have confirmed the increase in serum fluoride
in horses anesthetized with sevoflurane.**-5! In these reports the

magnitude and time course of fluoride increase were similar to
that reported for humans. In addition, as with humans, no evi-
dence has been reported of untoward renal effects associated with
the increase in fluoride in horses.

Sevoflurane is degraded by CO, absorbents such as soda lime
and Baralyme.*>3 A nephrotoxic breakdown product—
compound A—is produced.*>?32 Compound A can cause renal
injury and death in rats,?33 and the concentration threshold for
nephrotoxicity in rats>3-236 is within the range of concentrations
that may be found associated with the anesthetic management of
human patients.?3” Not surprisingly, compound A is formed in
the breathing circuits used for animals in veterinary medical
practice.>*® The ultimate importance of in vitro sevoflurane
degradation to the well-being of veterinary patients like dogs,
cats, and horses>® remains to be established. Until such time that
additional data appear, it seems prudent to avoid sevoflurane for
prolonged anesthesia especially with concurrent low fresh gas in-
flow to the breathing circuit (which promotes the concentration
of compound A) and in patients with known or marginal kidney
disease.

Effects on the Liver

Depression of hepatic function and hepatocellular damage may
be caused by the action of volatile anesthetics. Effects may be
mild and transient or permanent, and injury may be by direct or
indirect action. Studies by Reilly et al.?* suggested that at least
halothane (but likely also other potent inhalation anesthetics)
substantially inhibits the drug-metabolizing capacity of the liver.
A reduction in intrinsic hepatic clearance of drugs along with
anesthetic-induced alteration of other pharmacokinetically im-
portant variables (e.g., reduced hepatic blood flow) fosters a de-
layed drug removal or an increase in plasma drug concentration
during anesthesia. Examples of such circumstances have been re-
ported.?39-243 Prolonged or increased (relative to conditions in
the unanesthetized animal) plasma concentrations of some drugs
have important toxic implications, especially in physiologically
comprised patients.

All of the potent inhalation anesthetics can cause hepatocellu-
lar injury by reducing liver blood flow and oxygen delivery.
However, available data suggest that, of the four contemporary
volatile anesthetics, isoflurane is most likely to better maintain
tissue O, supply and thereby is the agent least likely to produce
liver injury even when administered for prolonged periods. The
effects of the two newest agents sevoflurane and desflurane are
nearly similar to isoflurane, whereas halothane produces the
most striking adverse changes.3%147:163,167.244-250 Regyis of in-
vestigations indicate that ancillary influences, including the use
of N,0,%5! concurrent hypoxia,249.252-254 prior induction of he-
patic drug-metabolizing enzymes,23-2%% mode of ventilation,25”
and positive end-expired pressure,?’® may worsen conditions and
increase the likelihood of hepatocellular damage.

It now appears that especially halothane produces two types of
hepatotoxicity in susceptible individuals. One is a mild, self-
limiting postanesthetic form of hepatocellular destruction and as-
sociated increase in serum concentrations of liver enzymes. Signs
of hepatotoxicity occur shortly after anesthetic exposure. The other
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and polyneuropathy. Seriously ill patients may have increased sen-
sitivity to these toxicities. Problemns result from N,O-induced inac-
tivation of the vitamin B,,—dependent enzyme methionine syn-
thase, an enzyme that controls interrelations between vitamin B,
and folic acid metabolism 2% Although an occasional patient may
develop signs suggestive of vitamin B, and folic acid deficiency
after an anesthetic technique that includes the use of N,O, this is a
rare event in human and animal patients.?862% Prolonged occupa-
tional or abusive exposure to N,O may be equally harmful, and
this potential harm should be considered in management plans of
veterinary practices. 32286291292 Nitrous oxide is rapidly and
mainly eliminated in the exhaled breath. The extent of biotransfor-
mation (to molecular nitrogen [N5]) is very small and mainly by
intestinal moax.nsnw (Table 13.6). .
Transfer of Nitrous Oxide to Closed Gas
Spaces

Gas %mo,wm exist or may exist in the body under a variety of con-
ditions and to varying degrees. For example, gas is normally
found in the stomach and intestines. The gut is a dynamic reser-
voir; the gas it contains is freely movable into and out of it ac-
cording to the laws of diffusion. The gas in the gut originates
from air swallowing, normal production of bacterial behavior,
chemical reactions, and diffusion from the blood. There is
marked variability in both composition and volume of stomach
and bowel gas (e.g., herbivore vs. carnivore). There are other nat-
ural air cavities, such as the air sinuses and the middle ear, and
then there are circumstances in which air may be electively or in-
advertently introduced as part of diagnostic or therapeutic ac-
tions (e.g., pneumoencephalogram, pneumocystogram, endo-
scopy, and vascular air emboli).

Potential problems associated with gas spaces arise when an
animal breathing air is given a gas mixture containing N,O.1%-1?
Nitrogen is the major component of air (80%) and of most gas
spaces (methane, CO,, and hydrogen are also found in variable
quantities in the gut). When N,O is introduced into the inspired
breath, a reequilibration of gases in the gas space begins with
N,O quickly entering and N; slowly leaving. That is, because of
its greater blood solubility, the volume of N,O that can be irans-
ported to a closed gas space is many times the volume of N, that
can be carried away.!? For example, the blood-gas PC for NyO is
0.47 (Table 13.2), whereas that for N, is about 0.015.2° Thus,
N,O is more than 30 times more soluble in blood than is N,
(0.47/0.015). The result of the net transfer of gas to the gas space
can be manifested as an increase in volume, as with the
m:rmoohg @DOCEOEOSFNS or blood embolus;298:2%? an increase
in pressure (e.g., middle 0&@8@9 or m:ocBoo:oovrm_omBBmva
or both (as the distending limits of the compliant space are
reached). Usually air is used to inflate the cuff of an endotracheal
tube. This cuff is another relatively compliant, enclosed air
space. Nitrous oxide will similarly expand this gas space and
may increase the pressure exerted on the tracheal wal] 303-305

Diffusion Hypoxia
A further issue requiring consideration for the differential move-
ment of N,O and N, is at the end of anesthesia when N,O is dis-

continued. Because of the large volume of N,O stored in the
body during anesthesia and the unequal change of N,O for N;, a
deficiency in blood oxygenation may occur at the end of anesthe-
sia if air is abruptly substituted for N,O. As discussed earlier in
this chapter, this condition is referred to as diffusion hypoxia 3336
The rapid outpouring of N,O from the blood into the lung causes
a transient but marked decrease in alveolar PO,, with a resultant
decrease in PaO;.

Interaction with Respiratory Gas Monitoring
Routine monitoring of expired CO, is increasingly important and
possible in the operating room of veterinary hospitals. Nitrous
oxide interferes with the accurate recording of CO, with some
monitoring devices. This interaction must be considered in deci-
sions regarding the purchasing of equipment and overall anes-
thetic management plan. A more complete summary of the ad-
vantages and disadvantages of N,O use is available elsewhere.'®
Brief summaries of practical considerations of N,O use in veteri-
nary practice have also been w:c:mrma.woo.uoq

Occupational Exposure: Trace
Concentrations of Inhalation
Anesthetics

Operating-room personnel are often exposed to low concentra-
tions of inhalation anesthetics. Ambient air is contaminated via
vaporizer filling, known and unknown leaks in the patient breath-
ing circuit, and careless spillage of liquid agent. Measurable
amounts of anesthetic gases and vapors are present in operating-
room air under a variety of conditions.**8-315 Personnel inhale
and, as shown by studies, retain these agents for some time.316:317
The slow rate of elimination of some vapors (especially the more
blood-soluble agents like halothane) enables retained trace anes-
thetic quantities to accumulate from one day to the next.

Concemn is raised because epidemiological studies of humans
and laboratory studies of animals have suggested that chronic ex-
posure to trace levels of anesthetics may constitute a health haz-
ard. The possibility that chronic exposure to low levels of anes-
thetic agents constitutes a hazard to health science personnel has
attracted and maintained worldwide interest since the carly
1970s. Of particular concern are reports that inhaled anesthetics
possess mutagenic, carcinogenic, or teratogenic potential.
Depending on the point in life at which exposure occurs, there is
concern that these underlying mechanisms in turn may be re-
sponsible for an increased incidence of fetal death, spontaneous
abortion, birth defects, or cancer in exposed workers,318-320
However, to date, no genotoxic effect of long-term or short-term
exposure to inhaled anesthetics has been demonstrated in hu-
mans, and “the conclusion from both animal and human studies
is that there is no carcinogenic risk either from exposure to the
currently used inhaled anesthetics.”3?

Although the data to date, especially regarding effects on
human reproduction, remain equivocal, a firm cause-and-effect
relationship between chronic exposure to trace levels of anesthe-
tics and human health problems does not exist. Although the risk
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