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E VERY year millions of fetuses, babies, and young chil-
dren are exposed to inhaled anesthetics.1 Evidence 

supports a role for early exposure to anesthetics or sedative 
drugs in the development of neuropathological and neu-
robehavioral deficits later in childhood.2–5 Retrospective 
clinical studies contain multiple confounding variables,1,6–8 
and although three prospective clinical studies are underway, 
they will take several years to report.4 Therefore, experi-
mental models continue to build on our understanding of 
anesthesia-associated neurotoxicity in the developing brain.4

Halogenated anesthetics induce both neuroapoptosis and 
neurocognitive deficit in laboratory models of neonatal anes-
thesia.9–20 In neonatal rodent models of anesthesia, single, 
relatively prolonged exposure to inhaled anesthetic3 results 
in cardiorespiratory compromise11,19 and mortality.10,15,18 
There is evidence that isoflurane-induced brain cell death in 
neonatal rats may, at least in part, be caused by hypercarbia.21 

What We Already Know about This Topic

•	 Comparative analysis of the toxicity of inhaled anesthetics in 
the developing brain requires the use of equipotent doses

•	 Minimum alveolar concentration fractions have been utilized 
when subanesthetic doses are evaluated; however, equal mini-
mum alveolar concentration fractions may not reflect equipotency

•	 The authors utilized cold stimulation–induced vocalization as 
an endpoint for anesthetic action and determined equipotency 
of xenon and sevoflurane

What This Article Tells Us That Is New

•	 The effective concentrations of sevoflurane and xenon that 
prevented cold-induced vocalization were 0.46 and 20.15%, 
respectively; this indicates that sevoflurane is approximately 
43 times more potent than xenon in neonatal rodents

•	 The use of cold-stimulated vocalization can be used as a mea-
sure of anesthetic potency

•	 As such, the research adds to our armamentarium, a method 
of measuring anesthetic potency, especially in the study of the 
effects of subanesthetic concentrations of inhaled agents

Copyright © 2014, the American Society of Anesthesiologists, Inc. Lippincott Williams & Wilkins. Anesthesiology 2014; 121:1194-202

ABSTRACT

Background: The effects of inhaled anesthetics on the developing brain are studied using neonatal rodents exposed to fractions 
of minimum alveolar concentration (to avoid cardiorespiratory compromise). However, these fractions cannot be assumed to 
be equipotent. Xenon’s anesthetic and neuroprotective properties warrant investigation in these models. Therefore, equipo-
tent, subanesthetic concentrations of inhaled anesthetics are needed.
Methods: Forty-eight Wistar rats (Charles River Laboratories, Kent, United Kingdom) on postnatal day 9 were randomized 
to eight concentrations of inhaled anesthetics: isoflurane, sevoflurane, or xenon. Exposure was closely monitored in individual 
metal-based chambers resting on a 35°C mat to maintain normothermia. A 25°C mat was used to stimulate vocalization and 
a sound recording made (1 min, 1 to 100 kHz). Rectal temperature or partial pressure of carbon dioxide and pH of mixed 
arteriovenous blood were measured immediately after the exposure. Concentration–response models were constructed using 
logistic regression (dependent variable: vocalization and explanatory variable: concentration). The effects of all other explana-
tory variables were assessed by inserting them individually into the model.
Results: The effective inhaled concentrations preventing cold-stimulated vocalization in 50 and 95% of neonatal rats (EiC50 and 
EiC95) on postnatal day 9 were 0.46 and 0.89% sevoflurane and 20.15 and 34.81% xenon, respectively. The effect on the EiC50 
of all other explanatory variables, including duration, was minimal. Stability of EiC50 isoflurane was not achieved over three dura-
tions (40, 80, and 120 min exposure). Partial pressure of carbon dioxide and pH in mixed arteriovenous blood appeared normal.
Conclusions: The authors report equipotent subanesthetic concentrations of sevoflurane and xenon in neonatal rats 
with preserved cardiopulmonary function. This may be useful in designing neonatal rodent models of anesthesia. 
(Anesthesiology 2014; 121:1194-202)
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Using repeat exposures to subanesthetic concentrations of 
inhaled anesthetics, maintaining cardiorespiratory function, 
may constitute a superior model of neurotoxicity in neonatal 
rodents.

To compare subanesthetic concentrations in neonatal 
rodents, equal fractions of the minimum alveolar concentra-
tion (MAC) preventing purposeful movement in 50% have 
been used18,19: However, equal fractions of MAC cannot be 
assumed to be equipotent22,23 as the concentration–response 
curves may not be parallel. A large fraction of MAC in an 
anesthetic with a steep concentration–response curve results 
in an ineffective concentration, whereas an equal fraction is 
much more potent if the anesthetic has a shallow concentra-
tion–response curve (fig. 1).

Both pretreatment with and coadministration of xenon 
have been shown to reduce isoflurane-induced neuroapop-
tosis in neonatal rodent models16,20 at concentrations as low 
as 30%.12 In a perinatal rat model of hypoxia–ischemia, 
35% xenon and 0.35% sevoflurane have been shown to pro-
vide labor analgesia and fetal neuroprotection.24 Whether 
higher concentrations of xenon administered alone induce 
neuroapoptosis in neonates is contested.16,17 Xenon is 
regarded as a cardiostable anesthetic with proven neuropro-
tective properties.25

As fractions of MAC cannot be guaranteed to provide 
equipotency, a subanesthetic concentration of inhaled anes-
thetics such as isoflurane, sevoflurane, and xenon in neonatal 
rats may improve comparison of their neurotoxic properties 
as well as facilitate investigation of any potential neuropro-
tection provided by coadministration of halogenated anes-
thetics and xenon in neonatal rodent models of anesthesia.

The production of cold-stimulated ultrasonic vocaliza-
tions by an isolated neonatal rat has been used as a model of 
anxiety26: The difference in number of vocalizations emitted 
while on a warm or cold metal plate was reduced by benzodi-
azepines.26 It has been reported that ultrasonic vocalizations 
are emitted by neonatal rats from birth up to postnatal day 
21 (probably associated with weaning).27

The primary aim of this study was to measure equipotent 
subanesthetic concentrations of isoflurane, sevoflurane, and 
xenon using traditional, fully randomized, dose–response 
study design. The effective inhaled concentration prevent-
ing cold-stimulated vocalization in 50 and 95% of neonatal 
Wistar rats (EiC50 and EiC95, respectively). Furthermore, 
we aimed to test the null hypotheses that the concentration–
response curve slopes would be identical and cardiopul-
monary function would be equally suppressed by the three 
inhaled anesthetics at equipotent inhaled concentrations.

Materials and Methods
These experiments were carried out under Home Office 
License in accordance with United Kingdom guidelines and 
approved by the Animal Ethical Review Panel at the Uni-
versity of Bristol, Bristol, United Kingdom. Litters of cross-
fostered Wistar rats were supplied with lactating females 
(dams) by Charles River Laboratories, Kent, United King-
dom. MAC preventing movement of neonatal rats on post-
natal day 9 (P9) has previously been reported,28 and to allow 
direct comparison to this, all experiments were performed 
on P9.

Four litters of 12 neonatal rats were used for each anes-
thetic agent: isoflurane, sevoflurane, and xenon. After weigh-
ing, sexing, and marking with litter and individual identity, 
the rats were randomized to one of eight target concentra-
tions: 0.1 to 0.8% in 0.1% steps for isoflurane, 0.2 to 1.6% 
in 0.2% steps for sevoflurane (Abbott Laboratories, Maid-
enhead, United Kingdom), and 8 to 56% in 8% steps for 
xenon (BOC, Manchester, United Kingdom). These concen-
trations were predicted from pilot data to produce a response 
rate (the percentage of animals failing to vocalize at a given 
concentration) ranging from 0 to 100% at the three highest 
concentrations: producing a concentration–response curve 
with a defined plateau and range of concentrations as nar-
row as was just required to achieve this. At each concentra-
tion, neonatal rats were randomized to one, two, or three 
durations of exposure: 40 min for isoflurane, 15 min for 

Fig. 1. Illustration to demonstrate that equal fractions of minimum alveolar concentration (MAC) cannot be assumed to be 
equipotent. Theoretical concentration–response curves for two inhaled anesthetics (A and B) with equal MAC of 1.0% (dashed 
line). (A) 0.8 MAC of an agent with a steep concentration–response curve (dotted line) results in an ineffective concentration (5% 
response rate). (B) 0.8 MAC of an agent with a shallow concentration–response curve (dotted line) results in a concentration 
which is seven times more effective (35% response rate).
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sevoflurane, and 10 min for xenon. Therefore, pairs of neo-
natal rats were randomized to each concentration and dura-
tion. The durations were predicted both a priori and from 
pilot data, to allow adequate equilibration between inhaled 
and end-organ partial pressure before stimulation and assess-
ment of response. Exposure of neonatal rats to anesthetic for 
one, two, and three durations allowed statistical assessment 
of this assumption in our multivariable regression analysis.

The Procedure for Exposing the Neonatal Rats to 
Isoflurane and Sevoflurane
Three pairs of neonatal rats, each randomized to the same 
concentration (chosen at random immediately before the 
exposure) and duration, were placed into six, individual, 
gas-tight chambers (500 ml volume), connected in parallel 
to an agent-specific vaporizer (sevoflurane: Penlon, Abing-
don, United Kingdom; isoflurane: Medicalia, Liverpool, 
United Kingdom). All connecting tubing in this open gas 
delivery system was of equal length and internal diameter, 
and fresh gas flow (air) was maintained at 1 l/min to each 
chamber throughout. The concentration of anesthetic in the 
gas leaving the chambers was monitored using a gas analyzer 
(Andros 4800; LumoSense Technologies, Richmond, CA). 
The target concentration was equal in all chambers through-
out the exposure.

The Procedure for Exposing the Neonatal Rats to Xenon
The first of a pair of neonatal rats randomized to the same 
target concentration (chosen at random immediately before 
the exposure) and duration was placed into a custom-built 
chamber (500 ml volume) with a xenon analyzer (GKM-
03-INSOVT; ZAO "Insovt," St. Petersburg, Russia [deliv-
ered by Alfa-Impex, Oy, Finland]) and oxygen analyzer 
(MX300-I; Teledyne Analytical Instruments, City of Indus-
try, CA) mounted in the top. This chamber was part of a 
closed gas delivery system containing a pump to circulate gas 
and carbon dioxide absorber (Intersurgical Ltd., Berkshire, 
United Kingdom). A 3 l gas calibration syringe (CareFusion, 
San Diego, CA) was filled one third with oxygen, then with 
a volume of xenon calculated to give the target concentration 
of xenon and the remaining volume filled with air. Half of 
this was used to flush the system, containing the neonatal 
rat, which was then sealed and the gas circulated at a flow 
rate of 1 l/min. After 3 min, to allow initial mixing within 
the system, the concentrations of xenon and oxygen were 
recorded every minute. Carbon dioxide concentration was 
monitored throughout to ensure complete removal from the 
circulating gas mixture. This procedure was repeated for the 
second neonatal rat in the pair.

To keep the animals warm during exposure to the anes-
thetic, the chambers, with nonferrous metal bases, were 
placed inside a custom-built plexiglass box on a fluid-filled 
mat maintained at 35°C (Tecotherm TSmed 200N; Inspira-
tion Healthcare Ltd., Earl Shilton, United Kingdom). This 
maintained rectal temperature of the isolated neonatal rats 

in the chamber approximately equal to that measured when 
taken immediately from dam and littermates in a previous 
experiment (33.2°C).

The Procedure for Determining the Presence or Absence 
of Vocalizations in Response to a Cold Stimulus
To stimulate vocalization of the neonatal rat, the chamber 
was placed onto a cooler mat maintained at 25°C and imme-
diately a 1-min sound recording was made using a digital 
microphone (Ultramic200K; Dodotronic, Castel Gondalto, 
Italy) inserted via a latex port in the top of the chamber and 
using Seawave computer software (Gianni Pavan, Centro 
Interdisciplinare di Bioacustica e Ricerche Ambientali, Pavia, 
Italy). The recordings were made with a range from 0 to 
100 kHz and a sampling frequency of 200 kHz. A vocaliza-
tion was defined as a sonogram seen in the ultrasonic range 
or a sonogram visible in the audible range and accompanied 
by audible vocalization (fig.  2). Recordings were observed 
in real time in silence to ensure quality of the recording and 
reviewed with sound by an assessor blinded to concentration 
after completion of experiments.

Temperature and Blood Gas Analysis
Immediately after recording, the neonatal rat was quickly 
removed from the chamber and temperature was measured 
using a probe inserted 5 mm rectally (calibration accuracy 
0.1°C; Physitemp Instruments, Clifton, NJ). After the two 
longer durations of exposure, the second rat in each pair at 
the concentration and duration was quickly removed from the 
chamber, decapitated, and mixed arteriovenous blood was col-
lected using a heparinized capillary tube. Blood gas analysis 
was performed (iSTAT, G3+ cartridge; Abbott Laboratories) 
and corrected to the rectal temperature of the first neonatal 
rat in the pair. It was not technically feasible to measure both 
rectal temperature and immediate blood collection in a single 
animal. Four additional neonatal rats were exposed to 0.0% 
anesthetic using both the open and closed gas delivery system.

Fig. 2. Examples of vocalizations. A 2-s snapshot taken from 
a sound recording made using Seawave software (Gianni Pa-
van, Centro Interdisciplinare di Bioacustica e Ricerche Am-
bientali, Pavia, Italy). Time is on the x-axis and frequency on 
the y-axis (0 to 100 kHz). The sonograms of seven ultrasonic 
vocalizations, labelled one to seven, can be seen at approxi-
mately 40 kHz. Harmonics can also be seen at approximately 
80 kHz. Vocalization number 6 has a component audible to 
humans (below 20 kHz) and is marked with the arrow.
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Statistical Analysis
Data collected included litter identity, weight, sex, duration 
and concentration of exposure, presence or absence of vocal-
ization, rectal temperature, pH, and partial pressure carbon 
dioxide (Pco2) in mixed arteriovenous blood. Where rectal 
temperature was not measured, animals were assigned the 
median measured value for the anesthetic. Mann–Whitney 
U test was used for comparison between the two groups. 
Bivariate correlation was assessed using Spearman rank cor-
relation (two tailed). Significance was set at a P value of 0.05.

Concentration–response models were built for each anes-
thetic using univariate binary logistic regression in SPSS 
19.0 (IBM, Armonk, NY), where prevention of vocaliza-
tion (coded: 1) was the dependent variable and concentra-
tion was the explanatory variable. Sample size was chosen 
from pilot data to achieve a P value less than 0.05 for the 
coefficient of concentration. Using this model, we calculated 
the effective inhaled concentration preventing vocalization 
in 50% (EiC50) using the coefficients reported for the con-
stant and concentration to solve the equation: ln (probabil-
ity (y1)/probability (y2)) = βO + β1X1, where X1 is EiC50 
and hence y1 and y2 are equal (50% probability).28 The 
concentration–response model was accepted if the change in 
the calculated EiC50 was less than 10% when duration was 
inserted as a second explanatory variable. If the change in 
EiC50 was greater than 10%, we attempted construction of 
a new model using the data from the two longer durations of 
exposure only and repeated the sensitivity analysis by insert-
ing duration of exposure. If the change in EiC50 was again 
greater than 10%, then the model was rejected.

All other explanatory variables were then individually 
inserted into the accepted concentration–response model to 
assess the percentage change in EiC50.

The concentration–response curves and 1.96 SDs or 
95% confidence intervals were plotted using R package (R 
Core Team [2012]; R Foundation for Statistical Comput-
ing, Vienna, Austria), and the effective inhaled concentration 
preventing cold-stimulated vocalization in 95% (EiC95) was 
read from this. To allow comparison of the steep section of 
the concentration–response curves for sevoflurane and xenon, 
log10concentration–response curves were plotted up to EiC95.

Results

Experiments Performed to Measure Concentration–
Response
The calculated effective inhaled concentrations preventing 
cold-stimulated vocalization in 50% (EiC50) for sevoflurane 
and xenon in neonatal rats on P9 were 0.46 and 20.15%, 
respectively (table  1). Concentration–response curves were 
estimated using responses at 15, 30, and 45 min exposure 
to sevoflurane and 20 and 30 min exposure to xenon as this 
resulted in less than 10% change in the EiC50 (table 2), sug-
gesting the concentration at the effect site had not materially 
changed. However, EiC50 for isoflurane changed more than 

10% using responses at three durations and responses at the 
two longer durations (80 and 120 min). Therefore, the model 
for isoflurane was rejected and we do not report any further 
analysis. Individually inserting all other explanatory variables 
into the concentration–response models for sevoflurane and 
xenon changed the calculated EiC50 less than 6.7% (table 2).

The concentration–response curves are shown in figure 3. 
The effective inhaled concentration preventing cold-stimu-
lated vocalization in 95% (EiC95) for sevoflurane and xenon 
were 0.89 and 34.75%, respectively. The slopes of the log10-
concentration curves of sevoflurane and xenon for concen-
trations up to the EiC95 did not differ (fig. 4).

The characteristics of the neonatal rats used are shown 
in table  3. There were different proportions of females in 
the groups, but there was no difference in the time of day 
the recordings were made or the median weight. Statistical 
analysis was restricted to the sevoflurane and xenon groups 
as the concentration–response model for isoflurane was 
not successful. The rats exposed to xenon were significantly 
warmer than those in sevoflurane (by 0.6°C). The tempera-
ture of the neonatal rats exposed to sevoflurane was signifi-
cantly correlated with both weight (+0.371, P = 0.003) and 
concentration (−0.660, P = 0.0001). There was a significant 
correlation between rectal temperature and weight of neona-
tal rats exposed to xenon (0.442, P = 0.03), but no correla-
tion with concentration (P = 0.9).

Mixed arteriovenous blood sampling was successful in 
12 neonatal rats exposed to sevoflurane and 9 neonatal rats 
exposed to xenon and an additional 3 rats exposed to 0.0% 
sevoflurane and xenon in the open and closed gas delivery 
systems (fig.  5). Median interquartile range Pco2 and pH 
were: 46.15 mmHg (38.72 to 51.43) and 7.44 (7.39 to 
7.51) in sevoflurane and 45.95 mmHg (38.63 to 51.38) and 
7.45 (7.41 to 7.51) for xenon. There were significant cor-
relations between sevoflurane concentration and both Pco2 
(0.937, P = 0.2 × 10−4) and pH (−0.878, P = 0.2 × 10−6), but 
this was not so for xenon: Pco2, P = 0.08 and pH, P = 0.168. 
In 12 neonatal rats exposed to isoflurane, the median (inter-
quartile range) Pco2 and pH were 46.80 mmHg (43.73 to 
50.75) and 7.44 (7.41 to 7.47).

Discussion
We have measured equipotent inhaled concentrations of sevo-
flurane and xenon preventing vocalization of neonatal rats 
stimulated with a standardized cold stimulus. The effective 
inhaled concentration preventing cold-stimulated vocalization 
in 50% (95%) of neonatal rats (EiC50 [EiC95]) of sevoflu-
rane and xenon were 0.46% (0.89%) and 20.15% (34.81%), 
respectively, in normothermic neonatal Wistar rats on P9, with 
no overlap of the 95% CIs. Therefore, sevoflurane was approxi-
mately 43 times more potent than xenon in this study. It has 
been reported to be 38 times more potent in newborn pigs at 
33.5°C.29 The similar relative potencies in two newborn anes-
thetic models would appear to support their respective potencies 
and the mechanism of action being similar across the species.
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We sampled mixed arteriovenous blood immediately after 
exposure to anesthetic as arterial blood sampling requires sur-
gical anesthesia under United Kingdom ethical guidelines. In 
an animal model, the mean difference between venous and 
arterial pH and Pco2 was shown to be small: 0.02 and 5.1 
mmHg, respectively, widening to 0.13 and 20.3 mmHg only 
when severe circulatory failure was induced.30 It has previ-
ously been shown that pH and Pco2 in neonatal rats breath-
ing 1.0% sevoflurane for 30 min on P7 were not statistically 
different to animals breathing air: pH 7.41 and Pco2 39.1 
mmHg, but was significantly altered in 2.0% sevoflurane.31 In 
another, median arterial Pco2 of approximately 90 mmHg in 
neonatal rats exposed to 2% sevoflurane on P7 was associated 
with 25% mortality.15 In our study, no neonatal rats appeared 
to have clinically severe cardiorespiratory compromise.

Assessment of Sensitivity of the Concentration–Response 
Model to Individual Explanatory Variables
We found consistency in the response to stimulation after 
different durations of sevoflurane and xenon exposure, 
suggesting that the concentration at the effect site had not 

materially changed between 15, 30, and 45 min exposure to 
sevoflurane and between 20 and 30 min exposure to xenon. 
We did not achieve consistency of response with isoflurane 
exposures of 40, 80, and 120 min and therefore have not 
reported EiC50 or EiC95 for isoflurane.

The durations of sevoflurane and xenon exposure in our 
study are relatively short when compared with the origi-
nal MAC studies of dogs ventilated with halothane where 
20 min was allowed after equilibration of inhaled and end-
tidal partial pressure before assessing response to stimula-
tion.32 In studies of small neonatal rodents, only the inhaled 
partial pressure of anesthetic can be measured and time to 

Table 1.  SPSS 19.0 (IBM, Armonk, NY) Output from Univariate 
Binary Logistic Regression and Calculated EiC50

Sevoflurane (n = 48) Xenon (n = 32)

Beta Coefficient  
(P Value)

Beta Coefficient  
(P Value)

Concentration 7.029 (0.002) 0.195 (0.007)
Constant −3.207 (0.01) −3.930 (0.16)
EiC50 0.46% 20.15%

EiC50 is the effective inhaled concentration preventing cold-stimulated 
vocalization in 50% of neonatal rats. Dependent variable is the absence (1) 
or presence (0) of vocalization. Explanatory variable is the concentration. 
EiC50 is calculated using the beta coefficients reported to solve the equa-
tion: ln (probability (y1)/probability (y2)) = βO + β1X1, where X1 is EiC50 and 
hence y1 and y2 are equal.

Table 2.  Sensitivity Analysis for Sevoflurane and Xenon: 
The Effect on EiC50 When a Second Explanatory Variable Is 
Individually Inserted into the Concentration–Response Model

Second  
Explanatory 
Variables

Sevoflurane (n = 48) Xenon (n = 32)

Effect on  
Calculated  
EiC50, %

Effect on  
Calculated  
EiC50, %

Duration −1.7 −6.2
Litter identifier −2.1 −0.5
Weight −6.6 0.0
Sex −5.9 −6.7
Time of day +4.5 +2.1
Rectal  

temperature
+5.2 −0.5

EiC50 is the effective inhaled concentration preventing cold-stimulated 
vocalization in 50% of neonatal rats. The first explanatory variable is “Con-
centration” (table 1): The effect on the calculated EiC50 is equal to the 
percentage change in the beta coefficient reported for the explanatory 
variable “Concentration” before and after inserting the second explanatory 
variable into the logistic regression model.

Fig. 3. Concentration–response curves and individual re-
sponses for sevoflurane and xenon. Concentration–response 
curves (black line) and 95% CI (blue lines) plotted from binary 
logistic regression in R package where the dependent vari-
able is prevention of vocalization and explanatory variable is 
concentration. (A) The bars display the number of neonatal 
rats vocalizing (lower) and prevented from vocalizing (upper) 
at each concentration of sevoflurane (0.2 to 1.6%). (B) The 
histogram displays the number of neonatal rats vocalizing 
(lower) and prevented from vocalizing (upper) in 5% ranges 
of measured concentrations of xenon. Effective inhaled con-
centration preventing cold-stimulated vocalization in 50% of 
neonatal rats (95% CI): 0.46% (0.29 to 0.62%) for sevoflurane 
and 20.15% (13.24 to 27.75%) for xenon. Effective inhaled 
concentration preventing cold-stimulated vocalization in 95% 
of neonatal rats (95% CI): 0.89% (0.73 to 1.42) for sevoflurane 
and 34.81% (27.75 to approximately 60%) for xenon.
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equilibration with the effect site has only been measured in 
one study: Partial pressure of isoflurane in the brains of neo-
natal rats was shown to be lower than the inhaled partial 
pressure after 1 h exposure and was equal at 4 h.33 However, 
in most MAC studies, 15-min duration to allow for equili-
bration has been used.34 In humans, sevoflurane has a faster 
onset of action than isoflurane and this is attributed to its 
lower solubility in blood,35 whereas that of xenon is extremely 
low, explaining its very rapid onset and offset of anesthesia.36 
The solubility of inhaled anesthetics in the blood differs 
between rats and humans37 and neonates and adults35 and 
with temperature, but solubility in neonatal rat blood has 
not been reported. Factors that may enhance the wash-in 
of sevoflurane and xenon to the effect site in healthy neo-
natal rats could include small lung volumes with relatively 
high alveolar minute volume, low cardiac output, high brain 
solubility, and high cerebral blood flow.38 These physiologi-
cal parameters may be differentially affected by inhaled anes-
thetics, complicating assumptions regarding wash-in times. 
The blood gas analysis, revealing similar ranges of Pco2 and 
pH in our study, do not suggest that isoflurane equilibration 
times were slowed by cardiorespiratory compromise.

Reduction in core temperature lowers MAC of the halo-
genated anesthetics.34 MAC of sevoflurane and isoflurane 

in newborn pigs was reduced from 4.1 to 3.05% with 
5°C reduction29 and 2.47 to 1.83% with 4°C reduction,39 
respectively, whereas MAC of xenon was not affected (120 
and 116% with 5°C reduction).29 MAC of sevoflurane and 
isoflurane has been measured in neonatal Wistar rats with 
rectal temperatures between 33.7° and 35°C on P9, but the 
effect of individual’s temperature was not studied.28 The 
rectal temperatures in that study are reported, as in ours, 
to be consistent with that measured when neonatal rats on 
P9 are removed immediately from the nest (dam and litter-
mates). In our study, despite a narrow range of temperatures 
and weights, both these explanatory variables had a greater 
effect on the calculated EiC50 for sevoflurane than xenon. 
However, this may be caused by the correlation of rectal 
temperature with weight for both anesthetics and the cor-
relation with concentration of sevoflurane, but not xenon. 
This correlation suggests that sevoflurane caused a concen-
tration-dependent loss of body temperature, whereas xenon 
did not. Xenon has good thermal insulating properties and, 
along with the fact that it was delivered in a closed delivery 
system, probably prevented temperature loss from the iso-
lated neonatal rats in the xenon-filled chamber. Therefore, 
we do not feel we can comment on whether the difference in 
temperature represents a pharmacological effect.

Fig. 4. Log10-concentration response curves for sevoflurane (dotted line) and xenon (solid line) up to the effective concentra-
tion preventing cold-stimulated vocalization in 95% of neonatal rats. The slopes of the curves at this, the steepest section, are 
indistinguishable.

Table 3.  Characteristics of Neonatal Rats

Xenon  
(n = 32)

Sevoflurane  
(n = 48)

Mann–Whitney U Test
P Value

Isoflurane  
(n = 48)

Durations of exposure (min) 20, 30 15, 30, 45 40, 80, 120
Number of litters 4 4 4
% female 25 46 31
Time of recording 10:00–19:30 10:30–19:00 0.466 10:30–19:00
Rectal temperature (°C) 35.0* (34.4–35.3)

n = 16
34.4* (33.8–34.8)

n = 32
<0.001 34.3 (33.8–34.7)

n = 32
Weight (g) 17.95 (15.08–19.28) 18.05 (16.93–19.00) 0.507 16.90 (15.40–18.10)

Concentration–response models were accepted if duration of exposure resulted in <10% change in the calculated EiC50. This was not achieved for 
isoflurane and data are presented for information only (not subjected to statistical analysis). EiC50 is the effective inhaled concentration preventing cold-
stimulated vocalization in 50% of neonatal rats.
* Significant correlation with weight: Spearman rank correlation, P < 0.05.
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Although sex is generally accepted to have no effect on 
MAC, sex of the neonatal rats in this study changed the 
EiC50 in our study by the greatest degree of all the explana-
tory variables studied: both sevoflurane and xenon appear-
ing to prevent vocalization of female neonatal rats at a lower 
concentration than in males. Sex differences in anesthetic 
requirement have been reported. MAC of xenon was lower 
in elderly Japanese females40 and less anesthetic was required 
by female rats undergoing intensive care41 but has not been a 
consideration in neonatal rodent models of anesthesia.

Difference between the slopes of the log10concentra-
tion–response curves for sevoflurane and xenon preventing 
cold-stimulated vocalization in neonatal rats on P9 is not 
distinguishable, suggesting that equal fractions or mul-
tiples of the EiC50 (up to the EiC95) may be equipotent. 
Although the ratio of EiC95 to EiC50 is not exactly equal, 
the wide 95% CIs seen at the upper end of the concentra-
tion–response curves, despite randomization of subjects 
to all concentrations, indicate that the reported EiC95 are 
less reliable than the EiC50. We did not measure anesthetic 
MAC and cannot comment whether EiC50 of sevoflurane 
and xenon are equal fractions of it, and due to failure to 
establish a concentration–response model for isoflurane, we 
cannot directly compare our EiC50 to MAC measured in 
the study reported by Orliaguet et al.28

Our study uses randomization of all neonatal rats to all 
concentrations as in a true dose–response study. The extreme 
steepness of the concentration–response curves serves to 
illustrate the narrow therapeutic window of inhaled anes-
thetics: the range of concentration of an anesthetic that can 

be used to produce prevention of vocalization while stay-
ing within the safe range. Unlike anesthetic MAC stud-
ies, there is no evidence of toxicity or risk of death at the 
higher concentrations in our study and this justifies the use 
of randomization to all concentrations. MAC preventing 
purposeful movement in 50% of subjects in response to a 
standardized surgical stimulus is determined using the up 
and down method34 which brackets the concentrations used 
close to the EC50 for this reason. Hence, this method is 
not designed to measure the entire concentration–response 
curve, as our method is.

Another drawback to the modified up and down method 
used in neonatal rodent MAC studies is the repeated stimu-
lation of the subjects. Repeated stimulation was avoided in 
the original (unmodified) description of the technique, as 
one stimulation is likely to alter the response to the next.42 
MAC for isoflurane and sevoflurane in neonatal Wistar rats 
on P928 has been measured using repeated stimulation in 
a modified up and down method and reported narrow CIs 
around the MAC when univariate logistic regression was 
used to construct the concentration–response curves.34,43 
However, the assumption of this analysis is broken; repeated 
measures are not independent variables and therefore an 
unverifiable assumption of symmetry is made. The wider 
CIs evident in our study do not necessarily suggest greater 
variability of our model.

One published concentration–response curve plots the 
potency of isoflurane causing loss of righting reflex in neona-
tal, adolescent, and adult rats (8 to 10 per group). Repeated 
assessments were performed every 35 min as isoflurane con-
centration was increased from 0.1 to 0.5% in 0.1% steps.44 
The published concentration–response curve has extremely 
narrow CIs. This method is not either an up and down 
design or randomized design and it is therefore difficult to 
draw conclusions from the CI reported.

The use of a stimulus, which is not supramaximal (where 
an increase in the intensity of a stimulus does not increase 
the response to it), has previously been shown to increase 
variation in models of anesthesia.45,46 However, when mul-
tiple different stimuli were used to define anesthesia depth 
in 26 adult patients ventilated with isoflurane, laryngoscopy 
and intubation required the highest concentration to prevent 
movement, suggesting it was most likely to be a supramaxi-
mal stimulus, but had a wider error of the mean compared 
with other stimuli.47 Classifying different stimuli as sub- or 
supramaximal is evidently not simple.

In conclusion, we have reported clinically and experi-
mentally relevant equipotent subanesthetic concentrations 
of sevoflurane and xenon in neonatal rats on P9 and shown 
evidence of preserved cardiopulmonary function at these 
concentrations. Equipotent subanesthetic concentrations 
of anesthetic in neonatal rats measured using prevention of 
vocalization, rather than using equal fractions of MAC, may 
allow researchers to better optimize neonatal rodent models 
of anesthesia from birth to weaning.

Fig. 5. Mixed arteriovenous blood gas analysis after exposure 
to 30 or 45 min of sevoflurane or 20 or 30 min of xenon. Values 
are corrected to the rectal temperature of a paired neonatal 
rat exposed to the same concentration and duration. Sevo-
flurane concentration, but not xenon concentration, is signifi-
cantly correlated with partial pressure carbon dioxide (Pco2) 
and pH (*P < 0.0001).
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