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is manually controlled anesthesia (MCA), and the second 
is automatically controlled anesthesia (ACA). In the MCA 
technique, anesthesiologists manually regulate inspired/
expired gas concentrations and FGF during general anes-
thesia. This requires an anesthetist’s expertise and atten-
tion, mainly to avoid problems such as those involving the 
differences in gas concentration settings on the anesthesia 
machine and respiratory system and the delay between FGF 
changes and the end-tidal fraction of the anesthetic agent 
(Et-AA) [4]. The principal risks of LFA administered with 
MCA are accidental hypoxia and low inhaled doses of anes-
thetic agent (AA) [5]. During the induction and maintenance 
phases of anesthesia, the use of halogenated agents with the 
lowest possible fresh gas flow (FGF) rates is recommended, 
and a low flow technique is now aimed at achieving FGF, 
ideally a minimum flow of < 0.5 L/min [6]. When targeting 
these, it is important to protect both the workload on the 
anesthesiologist and patient safety. Efforts are being made 

1 Introduction and purpose

The low-flow anesthesia (LFA) technique uses a semi-
closed rebreathing system in which at least 50% of exhaled 
air, after absorbing carbon dioxide, wholly or partially 
returns unused anesthetic gases for the patient’s inspiration 
after being mixed with a specified amount of fresh gas [1, 
2]. Baker and Simionescu (1984) define LFA as a rate of 
0.5–1.0 L/min and minimal flow anesthesia (MFA) as a rate 
of 0.25–0.5 ml/min [3].

Modern anesthesia machines use two distinct anesthe-
sia management modules. The first conventional method 
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Abstract
Purpose New-generation anesthesia machines administer inhalation anesthetics and automatically control the fresh gas 
flow (FGF) rate. This study compared the administration of minimal flow anesthesia (MFA) using the automatically con-
trolled anesthesia (ACA) module of the Mindray A9 (Shenzhen, China) anesthesia machine versus manual control by an 
anesthesiologist.
Methods We randomly divided 76 patients undergoing gynecological surgery into an ACA group (Group ACA) and a manu-
ally controlled anesthesia group (Group MCA). In Group MCA, induction was performed with a mixture of 40–60% O2 and 
air with a 4 L/min FGF until the minimum alveolar concentration (MAC) reached 1. Next, MFA was initiated with 0.5 L/
min FGF. The target fraction of inspired oxygen (FiO2) value was 35–40%. In Group ACA, the MAC was defined as 1, and 
the FiO2 was adjusted to 35%. Depth of anesthesia, anesthetic agent (AA) consumption, time to achieve target end-tidal AA 
concentration, awakening times, and number of ventilator adjustments were analyzed.
Results The two groups showed no statistically significant differences in depth of anesthesia or AA consumption (Group 
ACA: 19.1 ± 4.9 ml; Group MCA: 17.2 ± 4.5; p-value = 0.076). The ACA mode achieved the MAC target of 1 significantly 
faster (Group ACA: 218 ± 51 s; Group MCA: 314 ± 169 s). The number of vaporizer adjustments was 15 in the ACA group 
and 217 in the MCA group.
Conclusion The ACA mode was more advantageous than the MCA mode, reaching target AA concentrations faster and 
requiring fewer adjustments to achieve a constant depth of anesthesia.
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to facilitate anesthesia administrations with modern anes-
thesia workstations and to create a greener operating room 
environment. This aims to simplify anesthesia procedures 
and create a more environmentally friendly operating room 
environment.

Our study examined the ACA and MCA methods in MFA 
to compare hemodynamic parameters, depth of anesthesia, 
time to reach target AA concentration, recovery time, anes-
thesiologist workload, and consumption data on the AA. We 
hypothesized that anesthesia administered with the ACA 
method would reach target AA values more quickly, at a 
lower cost, and with less workload than that administered 
with the MCA method and with equal anesthetic depth.

2 Materials and methods

After obtaining approval from the Sakarya University Fac-
ulty of Medicine Clinical Research Ethics Committee (no. 
102,934; 07 February 2022), we studied 76 consecutive 
patients admitted to the operating room for elective gyneco-
logical surgery with an open abdominal technique and gen-
eral anesthesia at Sakarya University Training and Research 
Hospital. The inclusion criteria were patients 18–65 years 
of age with an American Association of Anesthesiologists 
(ASA) classification of I–III and an expected surgery dura-
tion of longer than one hour. The exclusion criteria included 
contraindications to any of the AAs used, a body mass 
index (BMI) above 30, and neurological disorders. All the 
study’s patients provided written informed consent at least 
one day before the surgery. The clinical trial number is 
NCT05554263 (https://clinicaltrials.gov).

As premedication, midazolam (0.03 mg/kg) was admin-
istered intravenously 30 min before the operation. After 
monitorization, an epidural catheter (Premium One epi-
dural anesthesia kit, 18 G, Egemen, Turkey) was inserted 
through the lower thoracic intervertebral space (T10–12) 
in all patients. After applying an epidural test dose (3 ml 
1.5% lidocaine) to confirm that the catheter was not in the 
intravascular or subarachnoid area, 8–10 ml of a mixture 
prepared with 0.125% bupivacaine and 5 mcg/ml fentanyl 
for preemptive analgesia was administered through the epi-
dural catheter before surgery. Analgesia was maintained by 
an hourly intraoperative epidural injection.

All the patients were preoxygenated with 80% inspira-
tory O2 via a respiratory face mask with a flow rate of 6 L/
min for 3 min. The patients were intubated for the induction 
of anesthesia when adequate muscle relaxation had been 
achieved following the intravenous administration of lido-
caine (1 mg/kg), propofol (2–3 mg/kg), rocuronium bromide 
(0.6–1.2 mg/kg), and fentanyl (1 mcg/kg). We used the same 
anesthesia machine for all patients (Mindray A9, Shenzhen, 

China). After the patients were intubated, they were segre-
gated into a manually controlled anesthesia group (Group 
MCA; n = 38) and an automatically controlled anesthesia 
group (Group ACA; n = 38).

The Mindray A9’s manual mode was used in Group 
MCA. The patients’ demographic data were recorded on 
the anesthesia machine, the FiO2 alarm was set to 32%, 
and anesthesia was initiated. Measurements began when 
the patient was connected to the ventilator, which was 
preset to a 40–60% O2-air mixture and FGF of 4 L/min; 
the sevoflurane vaporizer was set to 2.5%. The FGF was 
reduced to 0.5 L/min and the sevoflurane was set at 4% to 
maintain target minimum alveolar concentration (MAC), 
after reaching the target value of MAC (1 MAC).The ini-
tial target value of 1 MAC was confirmed, and the AA 
concentration was adjusted according to SEDLine™ 
(Massimo Corporation, Irvine, CA, USA) monitoring 
(patient state index [PSI] value: 25–50). All these adjust-
ments were made by an assigned anesthesiologist who 
was not involved in the study and who was experienced 
in MFA. The O2 concentration was adjusted to be 35–40% 
FiO2 throughout the operation. Fifteen minutes before 
the end of the surgical procedure, only the sevoflurane 
vaporizer was turned off without changing the FGF. At 
the end of the surgical procedure, the FGF was increased 
to 4 L/min and the O2 concentration raised to 80%; the 
patients were antagonized with sugammadex (4–8 mg/
kg) and extubated when they responded to verbal stimuli. 
The anesthesiologist was instructed to avoid changes in 
flow rates. In the event of undershooting the 35% inspi-
ratory oxygen concentration target, the anesthesiologist 
increased the inspiratory oxygen fraction; the anesthesi-
ologist reduced the FiO2 in the event of overshooting the 
40% inspiratory oxygen concentration target.

In Group ACA, the target values (FiO2: 35%; Et-AA con-
centration: 1 MAC; FGF: 0.5 L/min) were set once using the 
Mindray A9’s autocontrol mode. After the target value of 
MAC 1 was reached, the anesthesia machine automatically 
reduced the FGF to 0.5 L/min. During the operation, target 
AA concentrations were manually adjusted by an assigned 
anesthesiologist who was not involved in the study and who 
was experienced in MFA, maintaining PSI values of 25–50. 
The sevoflurane vaporizer was turned off approximately 
15 min before the end of the surgical procedure, and the 
FGF continued at 0.5 L/min in autocontrol mode until the 
end of the surgery. Then, the FGF was increased to 4 L/min 
and the O2 concentration raised to 80%; the patients were 
antagonized with sugammadex (4–8 mg/kg) and extubated 
when they responded to verbal stimuli.

The AA concentration was adjusted so that the PSI value 
was between 25 and 50 in both groups. When the PSI value 
was above 50, the MAC value was increased by 0.1, and 
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when it fell below 25, the MAC value was decreased by 
0.1. When a decrease of more than 20% was observed in the 
mean arterial pressure value compared to the baseline (and 
when the PSI value was within the target range), 5 mg of 
ephedrine was given.

The anesthesiologist’s number of inspiratory oxygen 
fraction adjustments and changes in vaporizer setting to 
achieve and maintain target values were recorded as manual 
adjustments in the protocol and counted by investigators 
(who were constantly in the operating room).

The researchers recorded the demographic data of all 
the patients and measured their MAC, FiO2, Et-CO2, heart 
rate, systolic arterial pressure, mean arterial pressure, 
diastolic arterial pressure, peripheral oxygen saturation 
(SpO2), and PSI values. The researchers also recorded 
the duration of intraoperative vaporizer (the period after 
intubation from when the patient was connected to the 
anesthesia machine and the vaporizer turned on to when 
the vaporizer was turned off), anesthetic gas (air, O2) 
consumption, sevoflurane consumption and cost, time to 
reach the MAC 1 target value, and awakening time (the 
period from the closure of the vaporizer to extubation). 
At the end of the anesthesia, the amount of AA consumed 
per case was recorded as the total consumption data, and 
the hourly consumption was calculated manually as an 
average.

2.1 Statistical analysis

The data were statistically analyzed using the Statistical 
Package for Social Sciences (SPSS Inc., Chicago, IL, ver-
sion 20.0 for Windows) program. The normality of con-
tinuous data was evaluated using the Shapiro-Wilk test. 
The Pearson’s chi-square test was used to compare the 
qualitative data, and the data were expressed as numbers 
and percentages. In comparing the quantitative data, Stu-
dent’s t-test was used for those with normal distribution, 

and the data were expressed as mean and standard deviation 
(mean ± SD). In the analysis of variables that did not show 
normal distribution, the Mann Whitney U test was used, and 
the data were given as a median and interquartile range. All 
tests used a statistical significance level of p = .05.

2.2 Power analysis

A preliminary study conducted to calculate the sample size 
indicated that 34 patients were required in each group to 
verify a 5% difference in the AA consumption amounts 
between the groups (alpha = 0.05, beta = 0.80). Each group 
included 38 patients to tolerate a 10% data loss during the 
study period.

3 Results

Our study recruited 76 patients (38 in Group MCA and 38 in 
Group ACA). The two groups had similar demographic data 
and duration of surgery and anesthesia (Table 1).

When the PSI values between both groups were com-
pared, it was observed that they were similar at all times 
(Fig. 1).

We compared sevoflurane delivery time and air and O2 
consumption and found no statistically significant differ-
ence (p = .285, p = .182, p = .065, respectively). We also 
compared the consumption and cost of sevoflurane between 
the groups. Group MCA consumed 17.2 ± 4.5 ml of sevoflu-
rane with a cost of 78.98 ± 21.07 TL, whereas Group ACA 
consumed an average of 19.1 ± 4.9 ml of sevoflurane with a 
cost of 87.98 ± 22.5 TL, but the difference was not statisti-
cally significant (p = .076) (Table 2). Analysis of the hourly 
sevoflurane consumption was not significantly different 
between groups (p = .249). MAC 1 was reached 30% faster 
in the ACA group compared to the MCA group. (p = .001). 
There was no difference between the groups in terms of 
awakening time (p = .266) (Table 2). The average total num-
ber of adjustments made per case, both FiO2 and AA, was 
nearly zero in the ACA group, compared to 10 in the MCA 
group (Table 2).

According to the PSI values   obtained for all 38 patients 
in Group MCA, the number of adjustments made on the 
vaporizer was consistently 217 across all time points. In 
contrast, in Group ACA, the number of adjustments made 
for AA for all 38 patients was 15, which was statistically 
lower (median 6 [4–7]; median 0 [0–0] respectively; p 
< .001). When the distribution of adjustments for AA in 
Group MCA was examined over time, it was observed 
that the adjustments were most frequently made at the 5th 
minute by the anesthetist, followed by the 30th and 60th 
minutes (Fig. 2).

Table 1 The study groups’ demographic data and duration of surgery 
and anesthesia
Demographic data Group MCA 

(n = 38)
Group ACA 
(n = 38)

P-value

Age (years) 51.26 ± 8.20 49.23 ± 8.83 0.304
Height (cm) 161.05 ± 4.97 162.23 ± 6.04 0.354
Weight (kg) 69.21 ± 8.88 71.18 ± 7.99 0.312
BMI (kg/m2) 26.52 ± 2.77 27.25 ± 2.74 0.256
ASA classification (n, %)
I 4 (10.5) 10 (26.3) 0.136
II 26 (68.4) 24 (63.2)
III 8 (21.1) 4 (10.5)
Surgery duration (min) 133.39 ± 39.74 142.76 ± 43.95 0.333
Anesthesia duration 
(min)

145 ± 40.29 153.84 ± 44.74 0.381

Values represent mean ± SD.
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target AA concentration was shorter using the ACA method 
and the anesthesia workload was significantly reduced.

Differences in the technology and working principles of 
new anesthesia machines have entered our daily lives with 
the technology’s development. The fully automated system 
ushers in the era of ACA in which anesthetists set targets 
(such as Et-AA concentration) [7]. The era of Automated 
Controlled Anesthesia (ACA), where anesthetists set spe-
cific targets such as Et-AA concentration, is ushered in by 
fully automated systems [7]. Among the anesthesia work-
stations utilizing automatic control systems, the minimal 
fresh gas flow varies: GE Healthcare Aisys Carestation is 
set at 500 ml/min, Dräger Zeus (CCA - Closed Circuit mod-
ule), while both Mindray A9 and Maquet Flow-i are set at 
300 ml/min. This variability underscores the importance of 
ongoing advancements in anesthesia workstation technol-
ogy. These advancements play a crucial role in improving 
efficiency and optimizing resource utilization in clinical 
settings. Our study used the Mindray A9, which we have 
not previously encountered in the literature and which has a 
newly developed ACA mode.

Because the target MAC values are determined by the 
anesthetist via automated anesthesia control and are auto-
matically adjusted by the machine during anesthesia, 
machines are predicted to provide a more stable depth 
of anesthesia than manual methods [8]. In our study, we 

4 Discussion

In this study, we compared the MCA and ACA methods for 
MFA. While there was no difference in depth of anesthe-
sia, air-O2 consumption, sevoflurane consumption and cost, 
or awakening time, we observed that the time to reach the 

Table 2 Intraoperative anesthesiological data, number of adjustments 
made and consumption of anesthetic gases’

Group MCA
n = 38

Group ACA
n = 38

P-value

Sevoflurane delivery (min) 127 ± 38 137 ± 44 0.285
Air consumption (L) 58.7 ± 1.4 63.2 ± 15.4 0.182
O2 consumption (L) 57.4 ± 14.2 65.1 ± 21.1 0.065
Total sevoflurane con-
sumption (ml)

17.2 ± 4.5 19.1 ± 4.9 0.076

Total sevoflurane cost (TL) 78.98 ± 21.07 87.98 ± 22.5 0.076
Hourly consumption of 
sevoflurane (TL/h)

38 (36–44) 36 (33–41) 0.249

Time to reach MAC 1 (sec) 314 ± 169 218 ± 51 0.001
Awakening time (min) 17 ± 6 16 ± 5 0.266
Number of anesthetic con-
centration changes (n)

217
6 (4–7)

15
0 (0–0)

0.001

FiO2 adjustments (n) 159
4 (3–5)

0
0 (0–0)

0.001

TL: Turkish Liras

Fig. 1 Comparison of depth of 
anesthesia between the groups by 
PSI (mean ± SD)
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anesthetics by 40–55% over similar anesthesia times [12]. 
Similar studies in the literature report that the use of auto-
mated modules reduces AA consumption [9, 11–14]. Con-
trary to these studies, De Cooman et al.’s study with the 
Zeus anesthesia machine found that inhalation AA (desflu-
rane + N2O) consumption increased with ACA [15]. Other 
studies in the literature have shown the ACA and MCA 
methods to have similar AA consumption [4, 16].

Our study used the Mindray A9, a different anesthesia 
machine than used in other studies. When we calculated 
the hourly cost of sevoflurane, we observed that it was 36 
(33–41) TL/h with ACA and 38 (36–44) TL/h with MCA, 
so sevoflurane consumption and cost were similar in both 
groups. We thought that using similar FGFs with both meth-
ods and AA administration times effectively achieved these 
results.

Many different results have been reported regarding the 
time required to reach the target AA values with MCA meth-
ods versus automated control anesthesia. Lugancelo et al. 
established the FGF as 1 L/min and concluded that patients 
reached the target Et-AA faster with the MCA method, but 
they attributed this result to the fact that the vaporizer was 
completely open during the initial period of anesthesia in 
the MCA group [4]. An in vitro anesthesia study compared 
the automated module of the Zeus anesthesia machine with 
the manual modes of the Primus and Zeus machines using 
different FGFs and concluded that ACA reached the target 

determined the target AA concentration as MAC 1, adjusted 
the target MAC value according to the intraoperative PSI 
values, and concluded that both methods provide a stable 
depth of anesthesia; this result is similar to that of previous 
studies [9, 10].

Inhalation AAs can be costly, and FGF speeds and vapor-
izer settings represent AA costs and potential cost-saving 
targets. While automated control anesthesia aims to pro-
vide more stable anesthesia, it is also expected to consume 
less AA, but many different results have been reported 
in the literature due to varying methodologies related to 
the consumption comparison analysis of MFA and MCA 
administration.

In their study, Lortat-Jacob et al. investigated the clini-
cal benefits and economic effects of the Zeus anesthesia 
machine and ACA and MCA methods; they enrolled 80 
patients who underwent major abdominal and urological 
surgery lasting longer than one hour. The study concluded 
that the target-controlled technique reduced O2 and desflu-
rane consumption by 65% and nitrous oxide (N2O) con-
sumption by 80% [11].

Singaravelu and Barclay used a GE Aisys anesthesia 
machine and included a more comprehensive patient group 
in terms of anesthesia duration. The inhalation anesthetic 
consumption was 27 (21–33) ml/h in the ACA group and 
45 (29–62) ml/h in the MCA group. Their results showed 
that using ACA decreased the consumption of inhalation 

Fig. 2 Distribution of vaporizer adjustments in Groups MCA and ACA over time (Total number of adjustments made for all patients in each group.)
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this way. The most straightforward and conventional strat-
egy to minimize the frequency of anesthesiologist interven-
tions is undeniably the maintenance of a high fresh gas flow. 
This approach, while effective, raises questions about the 
economic and ecological aspects, particularly in terms of 
AA wastage. One significant advantage of automated con-
trol lies in its user-friendly nature, simplifying MFA admin-
istration and likely fostering increased adherence to MFA 
policies over time. Indeed, in a study monitoring FGF rates 
in a section of a New Zealand hospital, Kennedy R. and 
French observed that the introduction of automated Aisys 
systems initially increased average FGF rates to 1.5 L/min. 
However, after 12 months, the rates decreased to 1.09 L/
min. The reduction in the number of necessary adjustments 
not only simplifies the anesthesia process but also, due to 
its economic and environmental benefits, may promote the 
increased utilization of automated MFA systems [21].

The most significant limitation of our study is that the 
patient’s uptake of AAs cannot be given in the Mindray 
A9 device. For this reason, the purchase amount was not 
included in our account. In addition, hourly AA consump-
tion data could not be obtained with the Mindray A9. There-
fore, the amount of AA consumed per case at the end of 
anesthesia was taken as the total consumption data, and 
hourly consumption was calculated manually as an average.

5 Conclusion

The observations and results of our study indicate that the 
ACA method is more advantageous than the manual mode 
in terms of the number of adjustments required to achieve 
a constant depth of anesthesia and that the target values are 
reached faster. Auto-controlled anesthesia reliably contrib-
utes to precision anesthesia, preventing the anesthesiolo-
gist from wasting time with continual vaporizer and FiO2 
adjustments. Moreover, it allows anesthesiologist to devote 
more time to the patient. In this way, while creating a safer 
environment for the patient, it also significantly reduces the 
anesthesiologist’s workload.
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values faster [14]. Wetz et al. observed that an ACA group 
required 178 s to reach the target Et-sevoflurane concentra-
tion of 1.2–1.4%, whereas an MCA group required 275 s, 
so the target values were reached significantly faster in the 
ACA group [16]. In other research, Struys et al. and Wetz 
et al. observed that the target Et-AA concentrations deter-
mined by ACA were reached more rapidly [17, 18]. In our 
study, we reached the conclusion that achieving the target 
AA concentration required 314 s using the MCA, whereas 
only 218 s were required in the ACA. Notably, we observed 
that the ACA method allowed reaching the target Et-AA 
concentrations 30% faster compared to the MCA method. 
In MFA, there is a notable reduction in the concentration of 
anesthetic gas released into the atmosphere from waste gas 
systems [14]. The administration of MFA using modern and 
advanced anesthesia machines holds significant promise for 
diminishing the contribution of anesthetic gases to environ-
mental pollution [19]. The primary strategy for minimizing 
vapor consumption involves reducing the FGF throughout 
the case. This reduction in FGF at each stage of inhala-
tional anesthesia effectively decreases total vapor consump-
tion. This not only enhances efficiency but also contributes 
to a more environmentally sustainable and cost-effective 
approach to anesthesia management [20].

Factors affecting awakening time include fat solubility 
of AA, AA concentration, consumption time of inhalation 
anesthetics, the patient’s alveolar ventilation level, intraop-
erative analgesic drugs, patient characteristics, and the anes-
thesiologist’s awakening technique. Supporting previous 
studies, our study found no difference between the groups’ 
awakening times from the closure of the vaporizer to extu-
bation [4, 11].

The administration of MFA using the MCA method 
involves continually adjusting the inspired and exhaled gas 
concentrations and the vaporizer, which occupies both the 
anesthesiologist’s workload and attention [8]. The workload 
savings provided by the ACA method can be even more 
significant when the anesthesiologist’s attention is diverted 
(e.g., by critical events or crises) [4, 17]. Lortat-Jacob et al.’s 
study found that, with MCA, the anesthesiologist should 
adjust the settings every four minutes on average. In con-
trast, with ACA, they should be changed every 10 min [11]. 
In our study, we observed that the initial 15 min of anesthe-
sia in 38 patients undergoing MCA represented the phase 
requiring the most adjustments by the anesthesiologist. 
The average number of adjustments made was 6 for Et-AA 
and 4 for FiO2. In contrast, for 38 patients using ACA, we 
found an average of nearly 0 adjustments for Et-AA and 
0 adjustments for FiO2. We had predicted that this would 
facilitate MFA administration through a more clinically 
acceptable workload with the ACA method and that auto-
mated MFA administration could be used more widely in 
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