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Abstract: Incomplete airway obstruction often occurs after emergence in obese patients. It may result in rehypno-
tization if subsequent hypoventilation occurs. Herein, GasMan® simulations were used for examining the effect of
administration time on the speed of recovery and risk of rehypnotization following recovery in obese patients. Three
different weights of patients, 70 kg, 120 kg and 120 kg with more fat (120 mF) were utilized. Isoflurane, sevoflu-
rane, or desflurane were administered to attain flow of vessel-rich group (Fire) of 1 minimum alveolar concentration
(MAC) for 2 h,4 h,6 h,8hand 10 hin all groups. At the end of the time, administration of the agent was terminated,
and fresh gas flow was increased to 5 L/min. The time for F . to reach 0.3 MAC (MAC_ _ ) was determined, follow-
ing which, several degrees of hypoventilation were instituted (VA of 0.25 and 0.5 L/min) to determine whether F .
would increase above 0.3 MAC (rehypnotization). The awake time was prolonged with the extension of anesthesia
time and increasing weight of the patients (isoflurane > sevoflurane > desflurane with the same weight and anesthe-
sia time). Rehypnotization occurred in all groups except SEV 0.5 and DES 0.5 groups (70 kg, 2 h). The rehypnotiza-
tion time was decreased with the extension of anesthesia time in all groups (desflurane > sevoflurane > isoflurane,
irrespective of V, = 025 or 0.5 L/min). The changes in fat volume affected neither the awake time in sevoflurane
and desflurane nor the rehypnotization time except in isoflurane at 2 h anesthesia. These GasMan® simulations
confirmed that desflurane is adequate for fast recovery and will additionally reduce the risk of rehypnotization in a
prolonged surgery in obese patients.
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Introduction volatile anesthetic known to have early recov-

ery from anesthesia due to low blood solubility,

Inhaled volatile anesthetic agents remain the
most widely accepted anesthetics for the main-
tenance of general anesthesia due to their
ease of administration, availability of end-tidal
agent monitoring, and predictable intraopera-
tive and recovery characteristics. Isoflurane,
sevoflurane, and desflurane are the three com-
monly used inhaled volatile anesthetic agents.

Sevoflurane is a fluorinated ether inhalational
agent with low blood/gas partition coefficient
(0.6). Its insolubility provides rapid onset and
offset allowing early postoperative recovery [1].
However, with prolonged administration, the
recovery times may be delayed resulting in the
loss of its advantages [1, 2]. Desflurane is a

blood-gas (0.42), and tissue-blood partition
coefficients resulting in a more rapid wash-in
and wash-out as compared to the other known
volatile anesthetics [3]. Isoflurane is still widely
used in the clinic as it is cost-effective and
more beneficial in neurosurgery than the other
inhalational anesthetics. Currently, the number
of obese patients presenting for general anes-
thesia is increasing. However, the effect of
administration time on the speed of recovery
between the three anesthetic agents has not
yet been elucidated in such patients.

Moreover, incomplete airway obstruction oft-
en occurs after emergence, especially in obe-
se patients. Low alveolar ventilation leads to
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Table 1. GasMan® settings and parameters

and ventilation/perfu-

sion variation in the

) Solubility . Circuit )
Anesthetic Elood VRG Muscle Fat Volatility ————— lungs are not S|mulz_ated
- [6]. GasMan® settings
Isoflurane 1.3 2.1 4.5 70 196 Semi and parameters are
Sevoflurane 0.65 1.1 2.4 34 183 Semi summarized in Table 1.
Desflurane 0.42 0.54 0.97 13 209 Semi

In the current study, we

VRG: vessel-rich group, including the central nervous system (CNS).

Table 2. Parameters of 3 different weights in GasMan®

investigated 3 anes-
thetics: isoflurane, se-
voflurane, and desflu-
rane at 3 different we-

Weight (kg) Volumes (L) Metabolism Flow Percentages ights each: 70 kg, 120

ALV VRG MUS FAT VEN VA VRG MUS FAT kg and 120 kg with
70 25 6.0 330 145 10 4 76% 18% 6% more fat (120 mF).
120 429 10.29 56.57 24.86 1.71 5.993 7.491 76% 18% 6% Thus, there were 9

120 mF 4.29 10.29 46.57 34.86 1.71 5.993 7.491 76% 18% 6%

groups: isoflurane and

ALV, alveoli; VRG, vessel-rich group, including the CNS; MUS, muscle; VEN, venous; VA,

alveolar ventilation; CO, cardiac output.

rehypnotization, which might be detrimental if
not noticed immediately. Nonetheless, the risk
of rehypnotization following recovery in obese
patients with different inhaled volatile anes-
thetics cannot be compared to that in the clini-
cal setting. Therefore, we used GasMan® simu-
lations to help demonstrate and clarify the
following two issues: does the administration
time affect the speed of recovery in obese
patients with inhaled volatile anesthetic agents
and is the risk of rehypnotization different when
subsequent hypoventilation occurs?

Materials and methods

The hypotheses mentioned above were test-
ed using simulations by GasMan® (Version
4.2 Med Man Simulations, Inc., Chestnut Hill,
MA, USA). GasMan® is a physiology-based mo-
del of inhaled anesthetic uptake and distribu-
tion, commercially available as a computer pro-
gram used for education [3, 4] and during
induction and emergence from anesthesia [5].

GasMan® is based on a 6-compartment model:
alveolar functional residual capacity (FRC) and
vessel-rich group (VRG) that includes the brain,
muscle, arterial blood, venous blood, and fat
compartments with an additional compartment
for the anesthetic circuit. The equilibration
among these compartments presumably fol-
lows first-order kinetics for partial pressure or
tension based on the blood/gas and tissue/gas
solubility and tissue perfusion with arterial
blood. Inter-tissue diffusion, drug metabolism,
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70 kg (1ISO 70), sevoflu-
rane and 70 kg (SEV
70), desflurane and 70
kg (DES 70), isoflurane
and 120 kg (ISO 120), sevoflurane and 120 kg
(SEV 120), desflurane and 120 kg (DES 120),
isoflurane and 120 kg with more fat (ISO 120
mF), sevoflurane and 120 kg with more fat (SEV
120 mF) and desflurane and 120 kg with mo-
re fat (DES 120 mF). The volume, metabolism,
and flow percentages in 70 kg and 120 kg were
used at default settings by GasMan®. The mus-
cle (MUS) and fat (FAT) volumes were chang-
ed in the 120 mF group. These parameters
are listed in Table 2. The effect of age on mini-
mum alveolar concentration (MAC) is ignored.
The MAC values used in our GasMan® simula-
tions were as follows: desflurane 6%, sevoflu-
rane 2%, and isoflurane 1.2%.

In GasMan®, isoflurane, sevoflurane, or desflu-
rane were administered to attainan F .. (repre-
senting F ) of 1 MAC for 2 h, 4 h, 6 h, 8 h and
10 h, respectively. At the end of the time,
administration of the agent was terminat-
ed, and FGF (fresh gas flow) was increased to
5 L/min to wash-out the residual anesthetic.
We determined the time for the F .. to rea-
ch 0.3 MAC, which was considered as MAC,_, ..
In addition, the awake time for each agent
with 3 different weights was recorded. Aft-
er FVRG had reached MACawake, several deg-
rees of hypoventilation were instituted (VA
0.25 and 0.5 L/min) such that each group
was divided into 2 subgroups according to
the alveolar ventilation. The course of F .
was observed, and an increase in F .. > 0.3
MAC was considered as the evidence of rehy-

pnotization.
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Figure 1. A representative screen shot of a running simulation.

the other two anesthetics. In
the case of the same anes-
thetic and anesthesia time,
the awake time in the 120 kg
group was longer than that in
the 70 kg group. The awake
time in ISO 120 was shorter
thanthatinISO 120 mFat2h
and 4 h. However, it was lon-
gerat 6 h, 8 h and 10 h. The
changes in fat volume did not
affect the awake time in sevo-
flurane and desflurane (Figure
2).

The low alveolar ventilation
(VA of 0.25 and 0.5 L/min)
after F . reached MAC_
leads to rehypnotization in all
groups except in SEV 0.5 and
DES 0.5 groups with the
weight of 70 kg for anesthesia
time of 2 h (Table 3). Figures
3-5 display comparison of
rehypnotization time in the
70 kg, 120 kg and 120 mF
groups. The rehypnotization
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Figure 2. Comparison of awake time in different groups. ISO 70: isoflurane
and 70 kg; SEV 70: sevoflurane and 70 kg; DES 70: desflurane and 70 kg;
ISO 120: isoflurane and 120 kg; SEV 120: sevoflurane and 120 kg; DES 120:
desflurane and 120 kg; ISO 120 mF: isoflurane and 120 kg with more fat;
Sev 120 mF: sevoflurane and 120 kg with more fat; DES 120 mF: desflurane
and 120 kg with more fat. A. Comparison of awake time with 70 kg and 120
kg for different anesthesia times. B. Comparison of awake time with 120 kg

and 120 kg more fat for different anesthesia times.

Results

A representative screen shot of a running simu-
lation is illustrated in Figure 1. Time for F __to
reach 0.3 MAC (awake time) was prolonged
with the extension of anesthesia time in the
presence of isoflurane. Among the 3 anesthet-
ics, the order of the awake time was isoflurane
> sevoflurane > desflurane with the same
weight and same anesthesia time. The awake
time with isoflurane was obviously longer than
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Anesthesia Time

time was decreased with the
extension of anesthesia time
in all groups. Irrespective of
the alveolar ventilation of
0.25 or 0.5 L/min, the rehyp-
notization time was desflu-
rane > sevoflurane > isoflu-
rane. Figure 3 shows that the
rehypnotization time was sim-
ilar to that of desflurane for
different anesthesia times
(regardless of 4 h or 10 h). In
addition, a severe airway ob-
struction occurred (VA = 0.25
L/min), the rehypnotization
time was longer with desflu-
rane than isoflurane or sevoflurane. In obese
patients (120 and 120 mF kg), the rehypnotiza-
tion time was sevoflurane > desflurane for 2 h
anesthesia and the rehypnotization time dis-
played a sudden decrease in the SEV 0.5 group
in the case of 2-4 h anesthesia. After 4 h, the
trend lines were almost similar (Figures 4 and
5).

Figures 6-8 shows the comparisons of rehypno-
tization time with different weights in isoflu-

Int J Clin Exp Med 2018;11(6):5548-5555



GasMan® simulations in obese patients

Table 3. Rehypnotization times in each group with different anes-

0.250r 0.5 L/min. For sevoflu-

thesia times rane, when the VA was 0.25
_ Rehypnotization time (s) I__/mm_, the rehyp_notlzatlon
Weight (kg)  Groups oh an 6h sh 10h time in obese patllents was
shorter than that in normal
70 ISO 0.25 148 121 63 47 43 patients only at 2 h and
SEV0.25 415 133 97 89 84 approximately equivalent to
DES 0.25 425 182 170 163 155 the other four time points.
ISO 0.5 166 123 72 49 46 However, if the VA was 0.5 L/
SEV 0.5 - 197 122 105 104 min, the rehypnotization time
DES 0.5 - 287 263 231 220 in obese patients was short-
120 IS0 0.25 137 60 52 51 51 er than that in normal pati-
SEV 0.25 355 138 97 84 80 entsat4h,6h,8hand10h,
DES 0.25 279 186 144 143 140 _respectlvely. The trend_lmes
in desflurane were similar
IS00.5 106 63 54 58 64 to that of sevoflurane. The
SEV0.5 1089 164 112 94 89 changes in the fat volume in
DES 0.5 557 234 171 167 159 obese patients did not affect
120 mF ISO 0.25 87 63 55 59 54 the rehypnotization time dis-
SEV 0.25 282 119 95 84 83 tinctly except in isoflurane for
DES 0.25 219 185 157 147 146 2 h anesthesia.
ISO 0.5 93 66 64 62 57 Di .
SEV 0.5 1087 144 104 89 87 Iscussion
DES 0.5 358 220 192 169 160

GasMan® is based on a physi-

ISO 0.25, isoflurane and VA 0.25 L/min; SEV 0.25, sevoflurane and VA 0.25 L/min;
DES 0.25, desflurane and V, 0.25 L/min; ISO 0.5, isoflurane and V, 0.5 L/min;
SEV 0.5, sevoflurane and v, 0.5 L/min; DESO0.5, desflurane and A 0.5 L/min. The

symbol “-” indicates no rehypnotization in this group.
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Figure 3. Comparison of rehypnotization times in the
70 kg group. ISO 0.25: isoflurane and V, 0.25 L/min;
SEV 0.25: sevoflurane and V, 0.25 L/min; DES 0.25:
desflurane and V, 0.25 L/min; ISO 0.5: isoflurane
andV, 0.5 L/min; SEV 0.5: sevoflurane and V, 0.5 L/
min; DES 0.5: desflurane and VA 0.5 L/min.

rane, sevoflurane, and desflurane. For isoflu-
rane, the rehypnotization time in obese patients
was shorter than that in normal patients (70
kg) at 2 h, 4 h and 6 h irrespective of the VA of
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ological model of uptake and
distribution of volatile anes-
thetics [7]. Since the current
design does not allow data
export to a spreadsheet for
obtaining the complete wash-out curves, we
could only compare the single-point GasMan
predictions with the wash-out curves. The
emergence from general anesthesia with a
potent inhaled anesthetic occurs in 50% of the
patients when F_ ., reflected in the GasMan®
program by F ., decreases below the thresh-
old MAC_ ... which was defined as 0.3 MAC.
The driving force to decrease F . is a decrease
in F_ (alveolar concentration), and GasMan®
presumes that at the level of the alveolar-capil-
lary interface, an instantaneous virtual equili-
bration between blood and alveolar gas occurs
such that F, = F, (the end-expired concentra-
tions). Therefore, it is the decrease in F, that
results in a decreased F ..

Our study showed that the awake time was pro-
longed with the extension of anesthesia time.
However, these changes were not obvious with
desflurane. The fat solubility of anesthetics
plays a critical role in the time to wake up. The
blood-gas solubility was a more crucial factor
influencing the emergence time than fat solu-
bility [8]. The new fluorinated agents have ma-

Int J Clin Exp Med 2018;11(6):5548-5555
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Figure 4. Comparison of rehypnotization time in the 120 kg group. A. Com-
parison of rehypnotization time in 120 kg group with anesthesia time 2 h, 4
h, 6 h, 8 h and 10 h. B. Comparison of rehypnotization time in 120 kg group
with anesthesia time 4 h, 6 h, 8 h and 10 h. ISO 0.25: isoflurane and V, 0.25
L/min; SEV 0.25: sevoflurane and V, 0.25 L/min; DES 0.25: desflurane and
V, 0.25 L/min; ISO 0.5: isoflurane and V, 0.5 L/min; SEVO.5: sevoflurane and
VA 0.5 L/min; DES 0.5: desflurane and VA 0.5 L/min.
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Figure 5. Comparison of rehypnotization times in the 120 kg group with more
fat. A. Comparison of rehypnotization times in the 120 mF group with anes-
thesia time 2 h, 4 h, 6 h, 8 h and 10 h. B. Comparison of rehypnotization
times in the 120 mF group with anesthesia time 4 h, 6 h, 8 h and 10 h. ISO
0.25: isoflurane and V, 0.25 L/min; SEV 0.25: sevoflurane and V, 0.25 L/
min; DES 0.25: desflurane and V, 0.25 L/min; ISO 0.5: isoflurane and V, 0.5
L/min; SEV 0.5: sevoflurane and V, 0.5 L/min; DES 0.5: desflurane and V,
0.5 L/min.

ce at the end of surgery [9].
Desflurane has lower solubi-
lity in blood than sevoflura-
ne, and a prolonged duration
of surgery might lead to lar-
ge differences in recovery
outcomes. Meta-analysis by
Ebert et al. compared sevoflu-
rane with isoflurane and the
recovery time did not differ in
studies with surgeries < 1 h.
Nevertheless, in studies with
surgeries lasting 1-3 h, the
recovery time was shorter in
the sevoflurane groups and
significantly shorter in those
lasting 3-5 h [10].

Our data confirm the previous
evidence in obese patients
undergoing general surgery
and provided new evidence
on the advantages of desflu-
rane, especially after pro-
longed administration [11].
A prospective, randomized,
double-blind study by La Colla
et al. enrolled 28 unpremedi-
cated obese patients and sh-
owed that desflurane provid-
ed a faster wash-in and wash-
out than sevoflurane, which
might be attributed to a large
amount of tissue deposits
and high blood-gas partition
coefficient of sevoflurane,
causing a slower rate of de-
crease in both arterial cir-
culation and lungs [12]. Bi-
lotta et al. obtained a simi-
lar conclusion in overweight
and obese patients undergo-
ing craniotomy [13]. Desflu-
rane exhibited a significantly
lower blood/gas partition co-
efficient than sevoflurane or

rkedly improved the quality and the time re-
quired for recovery as compared to the previ-
ous inhalation anesthetics. Especially, desflu-
rane is a new fluorinated anesthetic agent with
an extremely low blood-gas partition coefficient
(approximately 30% less than sevoflurane) and
low oil-gas partition coefficient (about 64% less
than sevoflurane), which allows rapid modi-
fication of the anesthetic plan and emergen-
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isoflurane [14], which resulted in a short recov-
ery time in morbidly obese patients undergoing
prolonged surgery. A systematic review and
meta-analysis of randomized controlled trials
indicated that postoperative recovery was si-
gnificantly faster after desflurane than sevo-
flurane, isoflurane, or propofol anesthesia in
obese patients [15]. McKay et al. compared the
recovery times with desflurane vs. sevoflurane

Int J Clin Exp Med 2018;11(6):5548-5555
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Figure 6. Comparison of rehypnotization times with different weights in iso-
flurane. A. Comparison of rehypnotization times with different weights in iso-
flurane with anesthesia time 2 h, 4 h, 6 h, 8hand 10 h (VA= 0.25 L/min). B.
Comparison of rehypnotization times with different weights in isoflurane with
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Figure 7. Comparison of rehypnotization times with different weights in sevo-
flurane. A. Comparison of rehypnotization times with different weights in
sevoflurane with anesthesia time 2 h, 4 h, 6 h, 8 hand 10 h (VA=0.25 L/
min). B. Comparison of rehypnotization times with different weights in sevo-
flurane with anesthesia time 4 h, 6 h, 8 h and 10 h (VA = 0.5 L/min).

for maintaining the anesthesia in patients with
BMis ranging from 18.3-40.2 kg/m? and vari-
ous durations of surgery. The study determined
that a prolonged duration of sevoflurane anes-
thesia significantly extend the airway reflex
recovery time, whereas desflurane anesthesia
had only a minimal effect on the airway recov-
ery time. These results were in agreement with
that of our study. We observed short durations
to awakening and extubation with sevoflurane
and desflurane as compared to isoflurane, and
the patients would face difficulty in awakening
from isoflurane anesthesia for > 4 h, especially
in obese patients. This phenomenon indicated
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that sevoflurane and desflu-
rane are both less soluble in

——T0kg
muscle and fat as compar-
—@—120kg . .
ed to isoflurane and will be
-120mFkg )
washed out more rapidly.
Clinically, obese patients are
prone to airway obstruction
after emergence [16]. These
patients are at an increased
A risk for episodes of postoper-

ative desaturation, despite
supplemental oxygen therapy
[47], which might be detri-
mental owing to hypoventila-
tion that could lead to rehyp-
notization, thereby threaten-
ing the patients’ life. Rehy-
pnotization is caused by a
large amount of agent being
brought into the alveoli from
the peripheral tissues such as
the muscle, fat, and venous
blood than the amount of
agent that is removed from
the alveoli by VA (alveolar ven-
tilation). When F, > MAC_
rehypnotization will occur ev-
entually. The amount of ag-
ent delivered to the alveoli
depends on the amount of
agent released by each tissue
group, and the agents with
high tissue solubility may
result in an increased F, than
agents with a lower solubility.
In the case of desflurane, low
tissue solubility results in rel-
atively less desflurane re-
turned to the alveoli than is
cleared by the lungs even
in the presence of mild-moderate hypoventila-
tion. However, with isoflurane, relatively more
agent is released by the tissues, and therefore,
even mild hypoventilation results in rehypnoti-
zation. The current GasMan® simulation shows
that hypoventilation after initial recovery not
only reduces the speed of reduction in FVRG
but also increases F, . above MAC_ _  values,
resulting in rehypnotization. Lower blood and
tissue solubility of the agent reduces the risk of
rehypnotization when hypoventilation occurs.
Eger et al. stated that recovery is faster with
agents with low solubility and that isocapnic
hyperventilation can hasten the recovery [6,

8h 10h

——T0kg
= 120kg

wt=120mFkg

8h 10h
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Figure 8. Comparison of rehypnotization times with different weights in des-

flurane. A. Comparison of rehypnotization times with different weights in des-

flurane with anesthesia time 2 h, 4 h, 6h, 8 h and 10 h (VA = 0.25 L/min).

B. Comparison of rehypnotization times with different weights in desflurane

tions of the model used. First,
the patients’ height cannot
be set in GasMan® system.
Therefore, we only change the
weight and not BMI (body
mass index) in obese patients.
Second, GasMan® is a com-
puter software only for simu-
lating the trend of anesthesia.
It does not show the exact
point, resulting in slight varia-
tions between different com-
puters or different system ver-
sions. Third, our simulations
used arbitrarily designated
values for hypoventilation af-
ter emergence as the clinical
values for this threshold are

with anesthesia time 4 h, 6 h, 8 h and 10 h (VA = 0.5 L/min).

18], and that hypoventilation can result in an
increased F,. Furthermore, to the best our
knowledge, the present observations regarding
the effects of subsequent hypoventilation on
rehypnotization have not yet been described
explicitly.

We found out that in obese patients (120 and
120 mF kg), the order of rehypnotization time
was sevoflurane > desflurane for anesthesia 2
h, which might be attributed to the lower blood-
gas partition coefficient of desflurane as com-
pared to sevoflurane such that the drug con-
centration in the peripheral tissue was in-
creased rapidly. When the administration time
was short, sevoflurane in the peripheral tissue
did not reach saturation. Once the tidal volume
was reduced, an excess of desflurane from
peripheral tissue to vessel-rich group was pr-
esent than sevoflurane. Therefore, the rehy-
pnotization time was sevoflurane > desflurane.
In the case of prolonged administration dura-
tion, both sevoflurane and desflurane in peri-
pheral tissue reach saturation. Desflurane is
clarified clearance rapidly, and hence, the
rehypnotization time was sevoflurane < desflu-
rane. Moreover, our study showed that changes
in the fat volume affected neither the awake
time in sevoflurane and desflurane nor the
rehypnotization time except in isoflurane at 2 h
anesthesia.

The limitations of this study are inherent in
computational simulations, and the assump-
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rarely known. Furthermore,

our model ignored the metab-
olism and inter-compartment diffusion. In addi-
tion, the effects of body habitus (more or less
muscle and fat mass) necessitate further stud-
ies. Herein, we observed that the altered fat
volume did not affect the awake time in sevoflu-
rane and desflurane. However, we can specu-
late that an increase in the size of the muscle
group increases the risk of rehypnotization with
hypoventilation after recovery as an excess of
the agent will be availed by the muscle group
for redistribution. Although the results of the
present study, with its controlled assumptions,
provide a general framework for future clinical
research, these observations based on a simu-
lation will have to be substantiated by well-con-
trolled clinical studies.

In summary, this computational simulation
study provides insights into the effect of admin-
istration time on the speed of recovery and the
risk of rehypnotization following recovery.
These GasMan® simulations theoretically con-
firm that the use of new, less soluble agents is
useful for fast recovery and will additionally
reduce the risk of rehypnotization. Compared
to the other inhaled anesthesia agents, desflu-
rane is more advantageous in a prolonged sur-
gery in obese patients. However, well-controlled
clinical studies are yet required to validate
these simulations.
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