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Abstract
Purpose  The environmental impact and cost of volatile anesthetics are significant concerns in modern anesthesia. 
Automated end-tidal control systems aim to optimize anesthetic delivery by reducing waste and improving efficiency. 
This study compared the effectiveness of end-tidal controlled (EtControl) low-flow anesthesia to manually controlled 
(MC) low-flow anesthesia in elective surgeries.

Design  A randomized controlled trial.

Methods  This study was conducted with 132 ASA Class I–II patients undergoing elective surgeries under general 
anesthesia. Patients were randomly assigned to the EtControl (n = 66) or MC (n = 66) groups. The primary outcomes 
included anesthetic agent consumption (mL).

Findings  Anesthetic consumption was similar between the EtControl group (17.9 ± 2.63 mL) and the MC group 
(18.45 ± 2.44 mL) (p = 0.07). The rate of anesthetic consumption per minute was also comparable (0.120 mL/min vs. 
0.127 mL/min; p = 0.514).

Conclusions  EtControl and MC methods provide comparable safety and sevoflurane consumption during low-flow 
anesthesia. However, EtControl reduces manual adjustments, enhancing workflow efficiency and cost-effectiveness, 
with potential implications for reducing environmental impact.
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Introduction
Volatile anesthetics are essential for general anesthe-
sia but contribute to environmental pollution. Low-flow 
anesthesia, which reduces fresh gas consumption, is gain-
ing popularity for its economic and environmental ben-
efits. However, when manually controlled, it requires 
continuous monitoring and adjustments by the anesthe-
siologist, increasing workload and cognitive demand [1, 
2]. The resulting increased workload for the anesthesi-
ologist may therefore divert attention away from other 
important tasks. As a result, modern anesthesia machines 
equipped with closed-loop control systems have been 
developed. These machines allow the anesthesiologist 
to set target values for EtO2 and EtAA based on patient 
needs. The anesthesia machine then monitors these 
parameters and automatically adjusts gas delivery and 
total flow to achieve the preset target values [3]. This new 
technology significantly reduces the cognitive workload 
for the anesthesiologist. End-tidal controlled (EtControl) 
anesthesia offers a promising solution by improving effi-
ciency and minimizing waste while reducing the anes-
thesiologist’s workload. However, its effectiveness, safety, 
and environmental impact compared to manual low-flow 
anesthesia remain areas of study [4].

This study aims to compare the effects of end-tidal 
controlled and manually controlled low-flow anesthe-
sia on anesthetic agent consumption. We hypothesize 
that end-tidal control systems reduce anesthetic agent 
consumption.

Materials and methods
This study was conducted with the approval of the Local 
Ethics Committee (Date: 02.10.2019, No: 2019/355) and 
in compliance with the ethical principles outlined in the 
World Medical Association’s Declaration of Helsinki 
for medical research involving human subjects (2013). 
The patients provided informed consent to participate 
in the study. The study was retrospectively registered 
in the ClinicalTrials.gov trial registry under the identi-
fier NCT06735937 on December 11, 2024, and adheres 
to CONSORT guidelines. A total of 132 patients aged 
18–73 years, classified as ASA Class I–II, and undergo-
ing elective surgery under general anesthesia in the oper-
ating room of Gaziantep University Faculty of Medicine 
between 01/09/2019 and 31/08/2020 were included in 
the study. Patients with heart failure, lung disease, liver 
disease, or kidney disease were excluded. Demographic 
data, such as age, gender, and body mass index (BMI), 
were recorded.

The included patients were divided into two groups. 
Group E consisted of 66 patients who received end-tidal 
controlled low-flow anesthesia, while Group M included 
66 patients whose low-flow anesthesia was manually 
adjusted.

All patients were taken to the operating room without 
premedication and preoxygenated with 100% oxygen at a 
flow rate of 10 L/min via a face mask for three minutes. 
Standard hemodynamic monitoring was performed using 
continuous pulse oximetry, electrocardiography, and 
noninvasive blood pressure measurements taken every 
three minutes. General anesthesia induction was initi-
ated with intravenous administration of 2 mcg/kg fen-
tanyl and 2  mg/kg propofol. Following administration 
of 0.6  mg/kg rocuronium, endotracheal intubation was 
performed, and volatile anesthetics were started after the 
patients were connected to a ventilator. An anesthesia 
machine equipped with an end-tidal control module and 
electronic vaporizer (Aisys®, GE-Healthcare, Chalfont 
St Giles/Buckinghamshire/UK) was used in this study. 
The anesthesia machine used in this study are factory-
calibrated and undergo regular maintenance following 
manufacturer guidelines. Routine calibration checks are 
performed to ensure the accuracy of sevoflurane con-
sumption measurements, minimizing potential discrep-
ancies in gas delivery readings.

In Group M, the fresh gas flow was initially set to 
4  L/min, and sevoflurane (4%) was delivered until the 
end-tidal gas mixture reached an age-adjusted 1 MAC 
(Minimum Alveolar Concentration) value. Once the tar-
get anesthetic concentration was reached, the fresh gas 
flow was reduced to 1  L/min. Maintaining at least 1  L/
min fresh gas flow minimizes the risk of rebreathing 
unwanted gases and prevents potential hypoxic mixtures. 
Adjustments were made continuously to maintain the 
sevoflurane concentration at 1 MAC.

In Group E, the end-tidal control module was used 
to set the fresh gas flow to 1  L/min, targeting an age-
adjusted 1 MAC concentration of sevoflurane in exhaled 
air. The end-tidal control system monitored expired O2 
and anesthetic agent concentrations, rapidly adjusting 
the fresh gas composition and delivery to minimize dis-
crepancies between the measured and target values. All 
patients in both the EtControl and manually controlled 
groups received sevoflurane as the volatile anesthetic 
agent. No other inhaled anesthetics were used in this 
study, ensuring a consistent comparison between groups.

For both groups, volume-controlled ventilation was 
applied with a tidal volume of 7 mL/kg, a respiratory rate 
of 12/min, an end-tidal CO2 level of 35–45 mmHg, and 
an end-tidal oxygen concentration of 40%.

The amount of sevoflurane consumption (mL) mea-
sured by the anesthesia machine was recorded. The rate 
of sevoflurane consumption per unit time (mL/min) was 
also noted.

The allocation sequence was generated by an indepen-
dent statistician using computer-based randomization 
software, assigning participants equally to groups in a 
1:1 ratio. To prevent selection bias and maintain balance, 
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sealed, opaque, and sequentially numbered envelopes 
were used to implement the sequence. The anesthesiolo-
gists administering anesthesia were aware of the inter-
vention group; however, the study coordinator, not the 
attending anesthesiologist, managed patient allocation to 
minimize bias.

Power analysis
A sample size of 66 patients per group was determined as 
the minimum required to detect a statistically significant 
difference of 0.36 ± 0.70 units in sevoflurane consumption 
between measurements (α = 0.05, 1-β = 0.80). The analysis 
was performed using G*Power 3.1.

Statistical methods
The Shapiro-Wilk test was used to assess the normality 
of numerical data. For variables following a normal dis-
tribution, Student’s t-test was used to compare the two 
groups, while the Mann-Whitney U test was applied 
for non-normally distributed variables. For compari-
sons among three measurements, ANOVA was used for 
normally distributed variables, and the Kruskal-Wallis 
test for non-normal distributions. Relationships among 

categorical variables were assessed using the chi-square 
test, while correlations between numerical variables were 
tested using Pearson’s correlation coefficient for normal 
distributions and Spearman’s rank correlation coefficient 
for non-normal distributions. Analyses were performed 
using SPSS 22.0, with a significance level of p < 0.05.

Results
A total of 132 patients were enrolled in the study, with 
66 assigned to Group 1 (end-tidal controlled) and 66 to 
Group 2 (manually controlled). The process of patient 
enrollment, randomization, and group allocation is 
depicted in the CONSORT diagram (Fig. 1).

The demographic data of the patients are presented 
in Table  1. The mean age and weight in Group M were 
46.38 ± 11.53 years and 79.91 ± 14.46  kg, respectively, 
while in Group E, these values were 47.07 ± 13.36 
years and 77.67 ± 17.19  kg. The average height was 
162.79 ± 29.63  cm in Group M and 164.31 ± 21.2  cm in 
Group E. The BMI values were 28.07 ± 4.54 in Group M 
and 28.12 ± 6.08 in Group E. No statistically significant 
differences were observed between the groups regarding 
age, weight, height, or BMI (p > 0.05).

Fig. 1  Consort flow diagram of the study participating patients
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The average anesthesia duration was 156.31 ± 42.59 min 
in Group M and 149.82 ± 46.81 min in Group E. No sig-
nificant difference in anesthesia duration was observed 
between the groups (p = 0.24)). As shown in Table 2, the 
amount of anesthetic consumed was 18.45 ± 2.44 mL in 
Group M and 17.9 ± 2.63 mL in Group E, which was not 
statistically significant (p = 0.07).

As shown in Fig. 2, the average rate of anesthetic con-
sumption per minute (mL/min) was 0.127 (IQR: 0.022) in 
Group M and 0.120 (IQR: 0.030) in Group E, which was 
not statistically significant (p = 0.514).

No complications were observed in both groups.

Table 1  Demographic data of the groups
Group M
(n = 66)

Group E
(n = 66)

p-value

Age (years) 46.38±11.53 47.07±13.36 0.75
Weight (kg) 79.91±14.46 77.67±17.19 0.23
Height (cm) 162.79±29.63 164.31±21.2 0.72
BMI (kg/m2) 28.07±4.54 28.12±6.08 0.59
*Significant at p < 0.05, BMI; Body mass index

Table 2  Anesthesia duration and anesthetic consumption of the groups
Grup M
(n = 66)

Grup E
(n = 66)

p value

Anesthesia duration (min) 156.31±42.59 149.82±46.81 0.24
Anesthetic amount (mL) 18.45±2.44 17.9±2.63 0.07
*Significant at p < 0.05

Fig. 2  Comparison of anesthetic consumption rates (mL/min)
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Discussion
This study demonstrates that end-tidal and manual con-
trol methods for low-flow anesthesia administration are 
comparable in patients undergoing elective surgery. The 
literature strongly supports the use of low-flow anes-
thesia techniques instead of “conventional” anesthetic 
gas delivery, citing benefits ranging from cost savings to 
reduced global pollution. Although low-flow anesthe-
sia carries potential risks, modern anesthesia machines 
equipped with advanced monitoring tools ensure the safe 
implementation of these techniques [5]​.

Automated ET control can eliminate inadvertent 
hypoxic gas mixture in the circle system as a result of 
using low fresh gas flow. is a very significant risk when 
low fresh gas flow is employed manually.

Recent advancements in anesthesia technology have 
prioritized reducing volatile anesthetic consumption due 
to both ecological and economic concerns. Automated 
anesthesia workstations, such as those using end-tidal 
control systems, enable precise delivery of anesthetic 
agents at optimal fresh gas flow rates, minimizing waste. 
Studies have consistently shown that such systems can 
provide stable end-tidal concentrations with less inter-
vention from the anesthesiologist​ [5].

Wetz et al. [2]​ demonstrated in their study with 64 
patients that using EtControl resulted in more stable 
sevoflurane and oxygen target concentrations. They 
emphasized that end-tidal controlled modes not only 
support reliable anesthesia maintenance but also allevi-
ate the workload of anesthesiologists in high-demand 
settings. Similarly, Lucangelo et al. [3] showed that auto-
mated end-tidal control systems are as effective as man-
ual methods in maintaining anesthesia. These systems 
allow anesthesiologists to focus more on patient care by 
reducing the frequency of manual adjustments required​.

Singaravelu et al. [6] evaluated the clinical effective-
ness and inhalation anesthetic consumption of EtControl 
in their study. They reported that EtControl reduced the 
costs associated with inhalation anesthetics, benefiting 
both healthcare economics and the ecosystem. In their 
study, they highlighted that the desired end-tidal volatile 
anesthetic concentrations were achieved in 321 patients 
with reduced volatile agent use through EtControl. Tay et 
al. [7] noted that the use of anesthesia machines equipped 
with automatic end-tidal gas control options reduces vol-
atile anesthetic consumption, offering both financial and 
environmental benefits.

Skalec et al. [8] demonstrated that manual and auto-
mated controlled general anesthesia provided equally 
stable and safe anesthesia for patients. In their study 
involving 74 patients, they found that the consump-
tion of anesthetic and oxygen significantly increased in 
the EtControl module group. However, similar to other 

studies, they reported a significant reduction in the num-
ber of anesthesiologist interventions with EtControl use.

Recent studies have explored the efficacy and envi-
ronmental impact of automated versus manual control 
methods in low-flow anesthesia. A randomized con-
trolled trial by Mostad et al. [9] compared desflurane 
consumption using automated vapor control systems 
in two different anesthesia machines, highlighting the 
potential for reduced anesthetic agent usage with auto-
mated systems. Similarly, Jamil et al. [10] found that sevo-
flurane consumption and its rate were significantly lower 
in the Automatic Gas Control (AGC™) mode compared 
to the manual mode in the Maquet Flow-I anesthesia 
machine during adult laparoscopic surgeries. These find-
ings suggest that automated control systems can enhance 
anesthetic delivery efficiency, leading to economic and 
environmental benefits.

A study comparing target-controlled (TC) and man-
ual-controlled (MC) anesthetic delivery systems in 200 
patients undergoing laparoscopic surgeries found that 
TC significantly reduced sevoflurane consumption and 
the number of adjustments needed to maintain anesthe-
sia depth. TC also achieved desired end-tidal sevoflurane 
levels faster and at lower maximum inspired concentra-
tions. These efficiencies translated to a cost reduction 
and decreased environmental pollution. These findings 
support TC as an effective and eco-friendly anesthetic 
delivery system [11].

McCabe et al. [12] demonstrated that the End-tidal 
Control (EtC) system on the Aisys CS2 was noninferior 
to manual control (MC) in maintaining target end-tidal 
anesthetic agent (EtAA) and oxygen (EtO2) concentra-
tions. EtC achieved higher accuracy (98% vs. 45.7% for 
EtAA within 5% of the target) and shorter response times 
(75 vs. 158 s), underscoring its potential to improve pre-
cision and efficiency in anesthetic delivery.

Another comparative study of end-tidal control (EtCA) 
versus manual control (MCA) during low-flow anesthe-
sia showed that EtCA significantly reduced anesthetic gas 
consumption, the number of adjustments required, and 
overall costs. After two hours, desflurane use and costs 
were lower in the EtCA group, and fewer adjustments 
were needed to maintain anesthesia depth. These find-
ings highlight EtCA as an efficient system for optimiz-
ing resource use and reducing workload during low-flow 
anesthesia [13]. These results align with our study, the 
use of EtCA as a safe and efficient alternative to MCA, 
offering advantages in resource optimization without 
compromising the core goals of anesthesia. Reducing 
anesthesiologist intervention lowers cognitive workload, 
decreasing the risk of human errors, including inadver-
tent hypoxic gas mixtures. This is particularly relevant 
in high-demand clinical settings where multitasking can 
lead to sensory overload.
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Beard et al. [14] demonstrated that EtControl can 
offer substantial cost savings and reduce greenhouse 
gas emissions by significantly decreasing the consump-
tion of volatile anesthetic agents compared to manual 
administration. In their analysis, they estimated poten-
tial annual savings exceeding $95,000 (2023 USD) for a 
large academic medical center, primarily due to reduc-
tions in desflurane and isoflurane use. They mentioned 
that the reduction in sevoflurane usage was more mod-
est, approximately 4%, or around $14,000 per year. They 
also estimated that the associated environmental benefit 
would be comparable to eliminating the annual emissions 
of nearly 100 U.S. motor vehicles. Beard et al. further sug-
gested that additional reductions in both costs and emis-
sions could be achieved by fully optimizing the low-flow 
capabilities of EtControl to minimize fresh gas flow rates.

We think that the automated system did not show 
a significant reduction in sevoflurane consumption 
because both techniques aimed to maintain the same 
end-tidal agent concentration. Although automated sys-
tems require an initial investment, their ability to mini-
mize manual intervention and reduce the risk of dosing 
errors may justify their cost over time. A detailed eco-
nomic analysis is beyond the scope of this study, but 
we acknowledge that future studies should address this 
aspect.

Our study was conducted in a single institution, which 
may limit the generalizability of the findings to other 
settings with different equipment or protocols. Given 
that the primary outcome did not reach statistical sig-
nificance, a larger sample size might have provided more 
definitive results. The study focused on intraoperative 
anesthetic consumption without long-term evaluation 
of patient outcomes or complications related to low-flow 
anesthesia techniques. Although sufficient for statisti-
cal power, the sample size and restriction to ASA I–II 
patients undergoing elective surgeries might not repre-
sent populations with higher anesthetic risks. The study 
did not directly quantify the environmental benefits of 
reduced anesthetic agent consumption. Other limitations 
are that we did not evaluate the effect of the anesthesi-
ologist on cognitive workload, as this is a very difficult 
issue to evaluate objectively and care providers were not 
blinded to the intervention, introducing potential bias.

Conclusion
This study demonstrates that end-tidal controlled 
(EtControl) and manually controlled low-flow anes-
thesia result in comparable sevoflurane consumption 
when fresh gas flow settings are standardized. Although 
the environmental or economic superiority of EtCon-
trol could not be demonstrated under these conditions, 
the study provides valuable real-world data confirming 
the feasibility of EtControl in routine clinical use. The 

findings highlight that EtControl can achieve similar 
anesthetic delivery outcomes. Future research should 
assess the clinical advantages of EtControl in more 
dynamic settings, including variable fresh gas flows and 
more complex patient populations, with a focus on safety, 
environmental, and economic outcomes.
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