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Abstract

Purpose The standard procedure for low-flow anesthesia usually incorporates a high fresh gas flow (FGF) of 4—6 L/minute
during the wash-in phase. However, the administration of a high FGF (46 L/min) increases the inhaled anesthetic agent
consumption. This study was designed to compare the sevoflurane consumption at 2 rates of flow and vaporizer concentra-
tion during the wash-in period.

Methods Patients were randomly enrolled into high FGF (HFGF) (n=30) and low FGF (LFGF) (n=30) groups. During
the wash-in, the HFGF group received 4 L/minute FGF with a sevoflurane vaporizer setting of 2.5%, and the LFGF group
received 1 L/minute FGF with a vaporizer setting of 8%. Once the wash-in was complete, anesthesia maintenance was per-
formed with 0.5 L/min FGF with a vaporizer setting of 2.5-4.5% in both groups. The patient demographic data, bispectral
index values, hemodynamic variables, wash-in time, sevoflurane consumption during the wash-in phase, and total sevoflu-
rane consumption were analyzed.

Results The median sevoflurane consumption in the wash-in phase was 8.2 mL (7.1-9.3) in the HFGF group and 2.7 mL
(2.2-3.1) in the LFGF group (p=0.001). The mean total sevoflurane consumption was 17.41+3.58 mL in the patients who
received HFGF and 14.93 +3.57 mL in the LFGF group (p=0.001). The mean wash-in completion time was 12.49 +2.79 min
in the HFGF group and 3.35+0.67 min in the LFGF group (p=0.001).

Conclusions The anesthetic agent consumption during the wash-in phase was approximately 3 times lower with the admin-
istration of sevoflurane at 1 L/minute FGF than the use of 4 L/minute FGF.

Keywords Anesthesia - Anesthetic agent consumption - Low-flow anesthesia - Sevoflurane - Wash-in

1 Introduction advantages include reducing heat loss and preserving

humidity in the airways. Additionally, it creates less envi-

Low-flow anesthesia (LFA) is a technique in which the
rebreathing fraction amounts to at least 50%; that is, when
at least 50% of the exhaled gas mixture is returned to the
patient after CO, removal in the next inspiration with the
help of a rebreathing anesthesia system [1]. The primary
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ronmental pollution as a result of reduced release of anes-
thetic agents into the atmosphere, and decreases the cost
associated with anesthetic gas [2, 3]. These advantages and
technological developments that have increased the safety
of the technique have increased the popularity of the use of
low-flow anesthesia [4—6].

Intravenous (IV) induction of hypnotics and analgesics
is time-limited. Anesthesia can be maintained with inhala-
tional anesthetics if total IV anesthesia is not the method of
choice; however, the application of inhalational anesthesia
requires a wash-in period. This is the time required from
initiation until the desired end-tidal inhalation anesthetic
agent concentration to provide adequate depth of anes-
thesia is reached. A goal of the wash-in period is to avoid
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unnecessarily prolongation yet also to maintain an adequate
depth of anesthesia during the transition from IV to inhaled
anesthesia. An extended wash-in phase combined with the
decreasing effects of IV anesthetics can result in an inad-
equate depth of anesthesia and even patient awareness [7].
Therefore, a high fresh gas flow (FGF) is routinely used
during the wash-in process to reach the targeted end-tidal
concentration in the anesthesia circuit and alveoli quickly.
Early administration of a high FGF is an important deter-
minant of the total inhalational anesthetic agent (IAA) con-
sumption [8]. The pharmacology of IAA is another factor
that can affect the wash-in time. With a blood/gas parti-
tion coefficient of 0.68, sevoflurane can establish a fairly
fast equilibration between alveolar and blood concentration
and is a good choice of IAA to be used in LFA [9]. Proper
adjustments of FGF and vaporizer setting during the wash-
in period can reduce IAA consumption and the time needed
to reach the maintenance period [10].

IAA consumption is directly affected by both the FGF
and the anesthetic vaporizer setting (VS). The hypothesis of
this study was that, during the wash-in phase, volatile anes-
thetic consumption could be decreased by reducing FGF
while compensating for the dilutional effect of rebreathing
by increasing the vaporizer setting. Although studies in the
literature have evaluated the results of using high concentra-
tions of gas and low FGF during the wash-in phase [11, 12],
to our knowledge, no study has examined IAA consumption
in the wash-in phase. The primary aim of this study was to
assess the difference in IAA consumption in cases of 4 L/
minute FGF with a sevoflurane VS of 2.5% and 1 L/minute
with a VS of 8% during the wash-in period in patients who
underwent elective gynecological surgery.

2 Materials and methods

This prospective, randomized, single-blind, controlled trial
was conducted at a research and training hospital between
February 1, 2020 and January 1, 2021. The study protocol
was approved by the Kartal Dr. Lutfi Kirdar Research and
Training Hospital Ethics Committee on January 2, 2020
(protocol no: 2020-514-169-13) and registered with Clini-
calTrials.gov (NCT04743193). All of the patients provided
written informed consent prior to enrollment and the princi-
ples of the Declaration of Helsinki were observed through-
out the study.

A total of 60 female patients aged 18—65 years with an
American Society of Anesthesiologists (ASA) classifica-
tion of I-II who underwent elective gynecological surgery
under general anesthesia were included. Patients who did
not provide informed consent, had severe cardiovascular or
respiratory disease, or a body mass index (BMI) of >35 kg/
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m2 were excluded. The patients were divided into 2 groups:
4 L/minute FGF (HFGF Group), with sevoflurane VS of
2.5%, and 1 L/minute FGF (LFGF Group), with sevoflu-
rane VS of 8% during the wash-in period with 50% oxygen
and 50% air. The group assignment was determined using
the closed envelope method. A Drager Perseus A500 anes-
thesia device (Dragerwerk AG & Co. KGaA, Liibeck, Ger-
many) was used in all cases. The carbon dioxide absorber
was replaced and the device was leak-tested prior to the
administration of anesthesia. All of the patients underwent
standard monitoring, including peripheral capillary oxygen
saturation (SpO,), electrocardiography, body temperature,
end-tidal carbon dioxide (EtCO,), mean arterial pressure
(MAP), and bispectral index (BIS; Covidien BIS Vista,
Medtronic ple, Dublin, Ireland) measurements. Vascular
access was established primarily on the dorsum of the hand
with a 20-g IV cannula. After premedication with 0.03 mg/
kg IV midazolam, general anesthesia induction was per-
formed with 1-2 mg/kg propofol, 1-2 mcg/kg fentanyl, and
0.6 mg/kg rocuronium in all of the study patients. Following
endotracheal intubation, patients were ventilated with a tidal
volume of 6—8 mL/kg (according to ideal body weight) at a
12—14/minute respiratory rate.

During the wash-in phase, the sevoflurane VS was 2.5%
with a FGF of 4 L/minute in the HFGF group, and 8% with
a | L/minute FGF in the LFGF group. After reaching a mini-
mum alveolar concentration (MAC) level of 1, the FGF was
reduced to 0.5 L/minute in both groups. Remifentanil infu-
sion (0.1-0.3mcg/kg/min) and sevoflurane (VS: 2.5-4.5%)
was used to maintain anesthesia in both groups, with a tar-
get BIS value in the range of 40—60. The wash-in time and
IAA consumption of all of the patients were recorded. The
BIS values and hemodynamic variables were also recorded
every 15 min. The sevoflurane vaporizer was turned off
approximately 15 min before the end of the operation, and
the wash-out phase was initiated in coordination with the
surgical team with the FGF set to 0.5 L/minute. As the final
suturing was concluded, the wash-out was completed using
a FGF of 6 L/minute with 100% oxygen. When spontane-
ous ventilation effort was observed, decurarization was
achieved using 0.01 mg/kg atropine and 0.03 mg/kg neo-
stigmine. Once sufficient muscle strength and spontaneous
respiratory depth were observed, the patient was extubated
and taken to the recovery unit.

2.1 Sample size calculation

A reference study of sevoflurane [13] had a medium effect
size (d=0.65). Power analysis calculations indicated that at
least 60 individuals (minimum of 30 in each group) would
be needed for our study to achieve 80% power at a 95%
confidence level.
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2.2 Statistical analysis

Continuous variables were presented as the mean+SD or
median (interquartile range [IQR]). The Shapiro-Wilk test
was used to assess normal distribution. Whenever paramet-
ric test assumptions were provided, an independent samples
t-test was used to compare independent groups. Otherwise,
the Mann-Whitney U test was used to compare independent
groups. The difference between categorical variables was
analyzed with a chi-squared test. Statistical significance
was accepted at p<0.05. All of the statistical analyses were
performed using IBM SPSS Statistics for Windows, Version
25.0 software (IBM Corp., Armonk, NY, USA).

3 Results

A total of 60 patients were included in the study (Fig. 1).
The demographic data of the groups, including ASA class,
age, BMI, and duration of anesthesia and surgery, were sim-
ilar (p>0.05) (Table 1). There was no difference in the heart
rate, MAP, SpO,, or EtCO, values (p>0.05) (Fig. 2a,b,c,d).
In addition, there was no significant difference in the BIS
values between groups (p>0.05) (Fig. 3).

The median sevoflurane consumption during the wash-in
period was 8.2 mL (IQR: 7.1-9.3 mL) in the HFGF group
and 2.7 mL (IQR: 2.2-3.1 mL) in the LFGF group while the
mean wash-in time was 12.49+2.79 min and 3.35+0.67 min
respectively (p=0.001) (Table 2).

The difference between the anesthetic agent consump-
tion and the anesthetic uptake during the wash-in period was
5.25 mL (IQR: 4.4-6.12 mL) in the HFGF group and 1.35

Table 1 Demographic data of the patients

HFGF LFGF p
Age (years); 46.4+10.51 41.7+8.93 0.067
mean + SD o
Weight (kg); 68.77+12.9  69.43+13.35 0.845
mean + SD o
Height (cm); 161.83+5.73 160.1+5.29  0.229
mean + SD o
BMI (kg/m?); 26.16+£3.9 2691+£4.78  0.505
mean + SD o
Anesthesia duration (min); 90 (65-110) 82.5 0.799
median (IQR) (68.75-102.5) B
Surgery duration (min); 85 (60-105) 77.5 0.799
median (IQR) (63.75-97.5) B
ASA classification (%) (I/IT) 9 (%30) /21 11 (%36.7) / 190.584

(%70) (%63.3) Y
*p<0.05 statistically significant; descriptive statistics are expressed
as mean+=SD or median (IQR); a: Independent samples t-test; f:
Mann-Whitney U test; y: Chi-squared test

ASA: American Society of Anesthesiologists; BMI: Body mass
index; HFGF: High fresh gas flow; LFGF: Low fresh gas flow

Assessed for eligibility (n=64)
ot
Cardi . ility (n=1)

Declined to participate (n= 2)
Body mass index >35 (n=1)

Randomized (n=60)

l

Allocated to LFGF (n=30)
Received allocated
intervention (n=30)
Did not receive allocated
intervention (n=0)

|

Lost to follow-up (n=0)
Discontinued intervention (n=0)

Allocation

Follow-up

i

Allocated to HFGF (n= 30)
Received allocated
intervention (n=30)
Did not receive allocated
intervention (n=0)

l

Lost to follow-up (n=0)
Discontinued intervention (n=0)

|

Analysed (n=30)
Excluded from analysis (n=0)

Analysis

l

Analysed (n=30)
Excluded from analysis (n=0)

Fig. 1 Flow chart of the participants

mL (IQR: 1.1-1.52 mL) in the LFGF group (p=0.0001)
(Table 2).

Sevoflurane consumptions at the 15th minute were 8.85
mL (IQR: 7.98-10.28 mL) and 5.45 mL (IQR: 4.6-6.1 mL)
for the HFGF and LFGF groups respectively (P=0.0001).
The mean total quantity of agent consumption after anesthe-
siawas 17.41 £3.58 mL in the HFGF group and 14.93 +3.57
mL in the LFGF group (p=0.01) (Table 3).

4 Discussion

The anesthetic agent consumption during the wash-in phase
was lower in the LFGF group than the HFGF group, which
directly affects the 15 th minute and the total consumptions.
The results of this study indicate that increasing rebreathing
during wash-in can significantly reduce IAA consumption.
In addition, the induction of inhalational anesthetics with
1 L/minute FGF using a sevoflurane VS of 8% significantly
shortened the wash-in time.

The advantages of low-flow anesthesia with high VS
during the wash-in phase in terms of anesthetic agent con-
sumption have been noted in various studies. Horwitz et
al. [11] reported that using a FGF of 1.0 or 0.5 L/minute
with a sevoflurane VS of 6% during wash-in resulted in a
time to reach 1 MAC of 6.2+ 1.3 and 15.2 + 2.4 min, respec-
tively. Moreover, the total amount of agent consumed was
19% less with the administration of 0.5 L/minute. In another
study, Bahar et al. [7] used 1 L/minute FGF with a desflu-
rane VS of 18% in the wash-in phase and reported a time
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Table 2 Sevoflurane consumption and uptake values and wash-in time

HFGF LFGF p
Wash-in time (min); 12.49+2.79 3.35+0.67 0.0001*
mean + SD o
Anesthetic agent 8.2(7.1-93) 2.7 0.0001*
consumption (2.2-3.1) B

during wash-in period
(mL); med (IQR)

Anesthetic agent uptake 2.8 1.3 0.0001*
during wash-in period (2.5-3.53) (0.9-1.7) B
(mL); med (IQR)

Difference between anes- 5.25 1.35 0.0001*
thetic agent consumption (4.4-6.12) (1.1-1.52) B

and uptake during the wash-
in period (mL); med (IQR)
*p<0.05 statistically significant; descriptive statistics are expressed

as mean*SD or median (IQR); a: Independent samples t-test; f:
Mann-Whitney U test

HFGF: High fresh gas flow; LFGF: Low fresh gas flow

to reach a MAC value of 0.7 of 2.9+0.5 min, and a mean
anesthetic agent consumption at the end of the operation

@ Springer

of 0.33 £0.05 mL/minute. In these studies, high concentra-
tions of [AA were used in the wash-in phase of anesthesia,
and a shortened wash-in period was observed. Similarly, in
our study, we used high concentrations of IAA in the LFGF
group in the wash-in phase and we found that the wash-
in phase was shorter. Previous studies have also indicated
that the use of LFGF and high concentrations of anesthetic
agent reduced consumption. However, these studies primar-
ily evaluated the total consumption of IAA and did not fully
examine the effect of IAA consumption during the wash-in
phase. Our research assessed IAA consumption during the
wash-in phase, which constitutes an important part of the
total consumption, and demonstrated that it can be reduced.
Our findings revealed that the wash-in phase IAA consump-
tion in the HFGF group was greater than that of the LFGF
group. Although the anesthesia maintenance was the same
in both groups, minimal flow with a similar duration, the
total consumption was greater in the HFGF group than the
LFGF group, indicating that the savings of LFA during the
wash-in period were preserved throughout the process.

Different methods can be used during the LFA wash-in
phase. Horwitz et al. [11] evaluated wash-in phase duration
with a sevoflurane VS of 6% in groups of 0.5 L/minute and
1 L/minute FGF. In the 0.5 L/minute group, the wash-in
period lasted approximately 15 min, and the authors pre-
pared for the administration of additional intravenous anes-
thetic agents in the event of inadequate depth of anesthesia.
In our study, the application of 1 L/minute FGF with an 8%
sevoflurane setting resulted in a reduced wash-in duration
with the maintained targeted BIS values, signifying that the
depth of anesthesia was sufficient. The use of a high concen-
tration of sevoflurane (8%) with a higher flow (4-8 L/min)
may reduce the wash-in time. However, there is a poten-
tial risk due to the combination of the ongoing effects of
intravenous anesthetic agents and an inhalational anesthetic,
which may result in an excessive depth of anesthesia. The
application of 0.5 or 0.75 L/minute FGF coupled with an
8% sevoflurane VS during the wash-in phase may result in a
lower IAA consumption, but requires further investigation.

Reduced consumption would provide important benefits
both in terms of preventing environmental pollution and
lowering costs. In our study, we found that the sevoflurane
consumption during the wash-in period in the LFGF group
was 5.5 mL lower on average per case compared with the
HFGF patients.

Since the HFGF group wash-in period was longer, we
examined consumption data at the 15th minute, once both
groups had completed the wash-in phase, and an important
difference in the consumption rate was observed. The aver-
age sevoflurane consumption in the LFGF group was 3.4
mL lower than that of the HFGF group per case. For 100
patients the reduction could amount to approximately 340
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mL. The savings quickly becomes quite significant. Accord-
ing to information gathered from the medical department
of our university hospital, a 250 mL bottle of sevoflurane
costs approximately 95 €. Each day, more than 100 patients
have general anesthesia in our department, and the extra
consumption of 340 mL sevoflurane represents 130 € per
day that could be saved.

Inhalation anesthetic agents also have a significant envi-
ronmental effect. Carbon dioxide (CO,) is a well-known
greenhouse gas and is the point of reference in the calcula-
tion of the global warming potential (GWP) of various gases
[14]. Sevoflurane has a GWP20 of 702 [15], meaning that
1 gr of sevoflurane has the same global warming effect as
702 gr of CO, over a 20-year time frame. As the specific
gravity of sevoflurane is 1.52 gr/mL [14], a quantity of 340
ml is equivalent to 516.8 gr. Thus, this amount of sevoflu-
rane will have a greenhouse effect equivalent to 362.79 kg
(516.8 gr *702) of CO, over a 20-year period. According to
the United States Environmental Protection Agency green-
house gas equivalencies calculator [16], 362.79 kg of CO,
emission is equal to 40.8 gallons of gasoline consumption.
Low-flow anesthesia beginning with the wash-in phase
offers opportunities to reduce consumption, cost, and envi-
ronmental impact.

The difference between the quantity of sevoflurane used
and the patient uptake provides an instantaneous measure-
ment of the sevoflurane emitted. The determinants of IAA
uptake are the blood-gas partition coefficient of the anes-
thetic agent, the partial pressure difference of the agent
between the alveoli and alveolar blood, and the alveolar
blood flow [17]. In order to increase uptake, the alveolar
partial pressure of IAA must be increased by setting the
vaporizer to a higher concentration or administering high
FGF to maintain the IAA concentration. However, high
FGF administration increases IAA consumption. Arslan
et al. [18] highlighted that the use of low-flow anesthesia
with high concentration (desflurane 18%) increased the
agent uptake by the patient and reduced the emitted and
consumed amounts. In our study, the IAA vaporizer was set
at 8% with low FGF (1 L/min.). We found that the uptake
was increased, resulting in less overall agent consumption
and pollution. Our results indicated that a median of 5.25
mL (IQR: 4.4-6.12 mL) of sevoflurane was emitted during
the wash-in phase in patients who started with a high-flow,
while it was only 1.35 mL (IQR: 1.1-1.52 mL) in the low-
flow group with an 8% sevoflurane concentration. The study
findings revealed that an initial high-flow application led
to a greater quantity of emitted gas beginning early in the
wash-in phase. However, a low-flow application with a high
concentration significantly reduced the emission.

When the BIS values, SpO, level, hemodynamic param-
eters, and EtCO, values of the groups were evaluated, no

Table 3 Evaluation of instantaneous and total sevoflurane consump-
tion

HFGF LFGF
Sevoflurane con- n meantSD n mean+SD p
sumption (mL) or or
median median
(IQR) (IQR)
5 min 30 3.6 30 33 0.046%*
(3.28-3.83) (2.78-3.73) B
15 min 30 8.85 30 545 0.0001*
(7.98-10.28) (4.6-6.1) B
30 min 30 11.1 30 8.25 0.0001*
(9.9-12.18) (7.25-8.83) B
45 min 30 13.2 30 10.4 0.0001*
(12.08- (9.13-12.1) B
14.35)
60 min 30 15.1 30 11.9 0.0001*
(13.5-15.7) (10.7-14.05) B
75 min 20 16.97+2.33 20 14.57+2.71 0.005*
o
90 min 15 18.41+£246 14 1626+2.73 0.034*
o
105 min 9 204 7 18.8 0.042*
(18.15-21.7) (14.6-19.2) B
120 min 5 2262+1.64 3 18.25+3.38 0.045*
o

Average Sevoflurane30 17.41+3.58 30 14.93+3.57 0.01*a
consumption at the

end of the operation

*p<0.05 considered statistically significant; descriptive statistics are
expressed as mean+SD or median (IQR); a: Independent samples
t-test; B: Mann-Whitney U test

HFGF: High fresh gas flow; LFGF: Low fresh gas flow

difference was seen. In addition we observed that the induc-
tion of inhalational anaesthetics with 1 L/min FGF with a
sevoflurane VS of 8% shortened the wash-in time. Reduced
TAA consumption with LFA was obtained without sacrific-
ing the quality of anesthesia. Furthermore, the fact that the
SpO, values continued to be > 98% demonstrates that early
use of low-flow can be administered safely without causing
hypoxia.

4.1 Limitations
A primary limitation of our study was the use of a single
anesthetic agent. The blood/gas partition coefficient of
different agents will have an impact on consumption. In
addition, interpretation of the findings is limited by the sin-
gle-center design.

5 Conclusions

In conclusion, the study results indicated that the use
of sevoflurane at 1 L/minute with a VS of 8% during the

@ Springer
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wash-in phase reduced both IAA consumption and the
wash-in time. The use of higher concentrations of IAA with
LFA during the wash-in phase offers several benefits, and
would appear to be an alternative technique worthy of fur-
ther examination.
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