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ABSTRACT

Calcium chloride (CaCl2)-containing carbon dioxide (CO2) absorbers are characterized by their ability 
to produce almost no pentafluoroisopropenyl fluoromethyl ether (Compound A), a potentially nephrotoxic 
byproduct of sevoflurane, in vitro. However, the precise role of CaCl2 in this process remains unclear. 
We aimed to clarify the role of CaCl2 in vitro and determine whether CaCl2-containing CO2 absorbents 
produce Compound A during prolonged surgery under low- and minimal-flow sevoflurane anesthesia using 
Japanese brand Yabashi Lime-f (YL-f). In vitro, a reaction between 1 L of sevoflurane gas (8%) with 5% 
CO2 and an absorbent specimen (20 g) with or without water was performed in an artificial closed-circuit 
system for 15 or 60 min at 45 °C. In vivo, patients scheduled for colorectal resection received 2.0 vol% 
sevoflurane at fresh gas flows of 2.0, 1.0, or 0.5 L/min (N = 6) with YL-f. Gas samples from the anesthetic 
circuit were collected 6 h after induction and at the conclusion of surgeries lasting over 7 h. Compound A 
concentrations were measured using gas chromatography-flame ionization detection. Compound A production 
was observed in CaCl2-free absorbents but not in those containing CaCl2 in vitro. During 60-min reactions, 
CaCl2-free YL-f derivatives produced a median 3.5 ppm of Compound A, with higher concentrations (7.1 
ppm) observed upon the addition of 3 mL of water. YL-f did not produce Compound A, regardless of 
the presence of water. Compound A was not detected in in vivo samples. In conclusion, CaCl2 suppresses 
Compound A production from sevoflurane, likely by trapping water within the anesthetic circuit.
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INTRODUCTION

In anesthesiology, the volatile anesthetic sevoflurane can undergo alkaline hydrolysis in the 
anesthesia circuit when it reacts with carbon dioxide (CO2) absorbents containing strong alkali 
hydroxides, producing pentafluoroisopropenyl fluoromethyl ether (Compound A), a potentially 
nephrotoxic substance that has shown clear nephrotoxicity in rats.1-3 Due to this risk, when 
sevoflurane was approved in the United States in 1995, the Food and Drug Administration (FDA) 
included specific restrictions on fresh gas flow (FGF) during its administration. The FDA labeling 
recommended that FGF be maintained at no less than 1 L/min for up to 2 minimum alveolar 
concentration (MAC)-hours and at no less than 2.0 L/min for longer exposure periods.4 Despite 
reports of sevoflurane-induced Compound A production and associated renal damage in humans 
even after approval,5,6 subsequent findings have demonstrated that Compound A is less likely 
to cause toxicity in humans due to the low renal b-lyase activity that metabolizes Compound 
A-cysteine conjugates.7-9

Advancements in CO2 absorbent formulations have reduced the risk of Compound A produc-
tion,10,11 and accumulating evidence suggests that even with low- and minimal-flow sevoflurane 
anesthesia—conditions thought to increase Compound A concentrations—surgeries can be 
conducted safely without the manifestation of severe nephrotoxicity.12 As a result, many anes-
thesiologists no longer regard Compound A toxicity as a significant concern. However, some 
anesthesiologists remain hesitant to employ low- or minimal-flow sevoflurane anesthesia.13 This 
hesitation persists partly because FDA labeling has not changed, and recommendations in drug 
data sheets or package inserts continue to influence practice in several regions outside the US.12

Among the recently developed CO2 absorbents with calcium hydroxide (Ca(OH)2) as the main 
component, Drägersorb Free, AMSORB PLUS, and the Japanese brand Yabashi Lime-f (YL-f) 
contain calcium chloride (CaCl2). Studies evaluating Compound A production both in vitro and in 
vivo have demonstrated the prevention of Compound A formation from sevoflurane.14-19 Kobayashi 
et al suggested that the presence of CaCl2 within these absorbents may contribute to reducing 
or eliminating Compound A, but the precise role of hygroscopic and deliquescent CaCl2 in this 
process remains unclear.17 According to Murray et al, the inclusion of CaCl2 as a humectant 
in AMSORB helps maintain the dampness of Ca(OH)2.19 We hypothesized that CaCl2 acts as 
a humectant and plays a role in trapping water, thereby preventing the water-mediated alkaline 
hydrolysis of sevoflurane. In the present study, we sought to elucidate the role of CaCl2 in 
preventing Compound A production in vitro. Furthermore, we evaluated Compound A production 
in vivo during low- and minimal-flow sevoflurane anesthesia (2%) in surgeries lasting over 6 h 
using YL-f, a strong base-free CO2 absorbent containing CaCl2, to determine whether Compound 
A production was associated with the development of acute kidney injury (AKI) in humans.

MATERIALS AND METHODS

Materials
Sevoflurane purchased from Maruishi Pharmaceutical Co, Ltd (Osaka, Japan) and NIKKO 

Pharmaceutical Co, Ltd (Hashima, Japan) was used for the in vitro and in vivo studies, respec-
tively. Alkali-free CO2 absorbent YL-f and its derivative, in which only the amount of CaCl2 
was changed to 0, were kindly provided by Yabashi Industries Co, Ltd (Ogaki, Japan). Other 
strong base-free CO2 absorbents, such as AMSORB PLUS (Armstrong Medical Inc, Coleraine, 
UK) and LoFloSorb (Intersurgical Ltd, Wokingham, UK), and sodium hydroxide (NaOH)-
containing absorbents, such as Drägersorb 800 Plus and Drägersorb Free (Dräger Medical AG 
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& Co KG, Lübeck, Germany), were procured commercially. The chemical compositions of the 
CO2 absorbent specimens are listed in Table 1. All other reagents and products were purchased 
from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan) or Sigma-Aldrich Co, LLC 
(St. Louis, MO, USA).

In vitro study
An artificial closed-anesthetic circuit system was prepared by connecting two polyvinylidene 

fluoride (Tedlar) bags to each side of a U-shaped glass tube with silicon hoses, as used in our 
previous study (Fig. 1A, B).20 Sevoflurane gas (8 vol%) was prepared using a vaporizer (Tec 7, 
Datex-Ohmeda Inc, Ohmeda Drive Madison, WI, USA) and a 5% CO2 gas cylinder. One Tedlar 
bag was filled with 1 L of sevoflurane, and the other one was left empty. The U-shaped glass 
tube was filled with 20 g of absorbent specimen with or without water and then placed in a water 
bath set at 45 °C. The reaction was initiated when the thermometer in the specimen indicated 45 
°C. The Tedlar bag containing sevoflurane gas was pressed for 30 s, and the gas moved into the 
empty bag after passing through a U-shaped glass tube, where it contacted the specimen. Over the 
next 30 s, the gas-filled bag was pressed, and the gas returned to the original bag after passing 
through the glass tube. This procedure was repeated for 15 or 60 min, and the temperature of 
the specimen was monitored simultaneously. After the reaction, 100 mL of the gas sample was 
collected from the gas-filled Tedlar bag using a gas-tight syringe and transferred to a bottle 
at 600–760 mmHg. Compound A concentrations in the samples were analyzed within 1 week.

All Compound A analyses were outsourced to Maruishi Pharmaceutical Co, Ltd and conducted 
according to the method described by Kondoh et al, with minor modifications.14 The concentra-
tions were measured using a gas chromatograph (model GC-2010; Shimadzu Corporation, Kyoto, 
Japan) equipped with a flame ionization detector. The chromatograph utilized a 5 m column with 
an internal diameter of 3.0 mm, packed with 20% dioctyl phthalate and Chromosorb W AW 
(80/100 mesh) from GL Sciences (Tokyo, Japan). The injection temperature was set to 130 °C 
and the column temperature was maintained at 110 °C. Nitrogen served as the carrier gas at a 
flow rate of 23–29 mL/min. Calibration of the gas chromatograph was performed using standard 
calibration gas prepared from stock solutions of Compound A.

On the day of measurement, a calibration curve was generated with concentrations up to 
63.2 ppm. Samples were deemed acceptable for measurement if the correlation coefficient (r) 
exceeded 0.999. The lower limit of quantification was 3.1 ppm. For concentrations below the 

Table 1  Chemical composition of carbon dioxide absorbents (weight %)

Ca(OH)2 H2O NaOH Silica CaCl2 NaCl CaSO4 •  
0.5 H2O

Drägersorb 800 Plus 75–83 < 16 1–3

Drägersorb Free 74–82 14–18 0.5–2 3–5

LoFloSorb 78 13.5–17.5 6.5

AMSORB PLUS 77–88 10–18 2.0–3.5 0.6–1.5

Yabashi Lime-f (YL-f) > 80 12–16 1–2 1–2

Yabashi Lime-f (YL-f) 
derivative

> 80 12–16 1–2

This table was based on information from the respective manufacturers.
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quantification limit, the value was officially recorded as 1.55 ppm, which is the median value 
between 0 and 3.1 ppm.

In vivo clinical study
This prospective study was registered with University Hospital Medical Information Network 

(UMIN000043925; https://www.umin.ac.jp/ctr/) and approved by the Institutional Review Board 
of Nagoya University Hospital (Approval number, 2019–0334; August 15, 2019). All procedures 
adhered to the Declaration of Helsinki, and written informed consent was obtained from all 
participants.

Patients were recruited between November 2019 and June 2022. Inclusion criteria were as 
follows: patients with American Society of Anesthesiologists physical status 1 or 2, aged >20 
years, and scheduled for elective colorectal resection. Patients with renal dysfunction (estimated 
glomerular filtration rate <90) or hepatic dysfunction (total bilirubin >1.5 times and <3.0 times 
the institutional upper limit, and/or aspartate aminotransferase or alanine aminotransferase >2.5 

Fig. 1  Overview of the apparatus utilized in the closed-circuit anesthesia system  
for Compound A production from sevoflurane

Fig. 1A: �Photograph of the artificial closed-circuit anesthesia system, showing: (a) constant-temperature water 
bath set at 45 ºC; (b) hairpin tube containing 20 g of CO2 absorbent specimen; (c) system control box; 
(d) pressure plates; (e) empty Tedlar gas sampling bag; and (f) Tedlar gas sampling bag containing 
8% sevoflurane (1 L).

Fig. 1B: �Schematic representation of the artificial closed-circuit anesthesia system.

A

B
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times the upper limit) were excluded. Additional exclusions included patients with preoperative 
risk factors for perioperative AKI, such as hypertension, diabetes mellitus, congestive heart 
failure, impaired cardiac function, use of angiotensin-converting enzyme inhibitors, angiotensin 
II receptor blockers, non-steroidal anti-inflammatory drugs (NSAIDs), antibacterial agents, or 
diuretics. Pregnant women were also excluded. Patients were randomly assigned to one of three 
groups based on FGF: 2.0, 1.0, or 0.5 L/min, using computer-generated randomization.

A Perseus A500 (Dräger Medical AG & Co KG) anesthetic machine was used, with a 
1,200-mL canister capacity. On the day of surgery, 1 kg of new YL-f was placed in the 
canister before anesthesia initiation. A data logger was placed in the middle of the canister 
to monitor internal temperature changes at 1-min intervals. Arterial blood pressure (Edwards 
Lifesciences Corporation, Irvine, CA, USA), pulse oximetry (Masimo Corporation, Irvine, CA, 
USA), non-invasive blood pressure, electrocardiography, and capnography (Koninklijke Philips 
NV, Amsterdam, Netherlands) were continuously monitored. General anesthesia was induced 
using intravenous propofol, fentanyl, remifentanil, and rocuronium, followed by endotracheal 
intubation. Maintenance of anesthesia was achieved with air, oxygen, 2.0 vol% sevoflurane at 
the prescribed FGF, and remifentanil (0.1–0.25 μg/kg/min), with bolus doses of fentanyl and 
rocuronium administered as needed.

Gas samples were collected from the inspiratory limb of the circle system using a gas-tight 
syringe at 6 h after anesthesia maintenance and at the end of anesthesia (for surgeries lasting >7 
h). A 100-mL gas sample was stored in a vacuum bottle for analysis. If anesthesia concluded 
before 7 h, only the 6-h sample was collected. The study was terminated early if CO2 rebreath-
ing was detected by the capnometer, at which point a gas sample was collected, the absorbent 
was replaced, and surgery continued. Compound A concentrations were measured using the 
same method as previously described. NSAIDs were avoided postoperatively, and analgesia 
was managed with acetaminophen or opioids (fentanyl or morphine). Cefmetazole was the sole 
antimicrobial agent used. Patients with an operative time of <6 h were withdrawn from the study 
and excluded from evaluation.

To assess renal function, approximately 10 mL of blood was collected immediately after 
anesthesia induction and on postoperative days (POD) 1, 3, and 7 for serum creatinine analysis 
using a LABOSPECT 008 a (Hitachi High-Tech Corporation, Tokyo, Japan) and Cygnus Auto 
CRE (Shino-Test Corporation, Tokyo, Japan). Urine output was measured during and after surgery. 
Additional data, including blood biochemistry, urinalysis, and surgical records, were transcribed 
from the patients’ medical records.

The primary endpoint was the concentration of Compound A in the anesthetic circuit gas. 
The secondary endpoint was the evaluation of renal function changes post-surgery. Patients were 
considered safe if the mean Compound A concentration remained below 20 ppm, as described 
in the following section, and if they did not meet the criteria for Stage 1 AKI according to the 
Kidney Disease: Improving Global Outcomes (KDIGO) guidelines.

Sample size determination of the in vivo clinical study
This study included three groups: 2% sevoflurane (FGF, 2.0 L/min) + YL-f (N = 6), 2% 

sevoflurane (FGF, 1.0 L/min) + YL-f (N = 6), and 2% sevoflurane (FGF, 0.5 L/min) + YL-f 
(N = 6).

The sample size for this clinical trial was calculated based on prior studies reporting neph-
rotoxic effects of Compound A in humans. Two key studies, one by Eger et al6 and another 
by Goldberg et al,5 demonstrated transient increases in urinary albumin and serum creatinine 
in healthy volunteers. These studies established toxicity thresholds for Compound A at 80–168 
ppm × h and 240 ppm × h, respectively. In contrast, the toxicity threshold range for rats is 
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150–300 ppm × h.21

In our preliminary non-human study using the Flow-i C20 anesthetic machine (Getinge AB, 
Gothenburg, Sweden), which has a 700-mL canister capacity, YL-f was evaluated under 2% 
sevoflurane and 0.5 L/min FGF. Compound A concentrations at 0, 3, and 6 h after the reaction 
were <3.1 ppm. This indicated that the total Compound A exposure at 6 h was 0–18.6 ppm × 
h, which is approximately one-tenth of the reported human toxicity threshold. Based on these 
results, we concluded that administering sevoflurane at a minimal-flow rate of 0.5 L/min FGF 
would be safe.

Bito et al reported Compound A concentrations of 20 ± 7.8 ppm (mean ± SD) during 
gastrectomy in patients anesthetized with sevoflurane (mean anesthesia time, 6.11 ± 1.77 h; 
mean MAC-h, 7.13 ± 2.22) at 1.0 L/min FGF using Balalime, a CO2 absorbent containing 
NaOH and potassium hydroxide.22 Despite these levels, no renal dysfunction was observed 
postoperatively. In a separate preliminary non-human study using the Flow-i C20 anesthetic 
machine, YL-f demonstrated a mean Compound A concentration of 1.05 ± 2.10 ppm at 6 h 
under 2% sevoflurane and 2.0 L/min FGF (individual concentrations, 4.2, 0, 0, and 0 ppm; n 
= 4). Based on these results, the threshold mean value for the study was set at 20 ppm, while 
the expected mean was set at 1.0 ppm, with a conservatively estimated SD of 7.8 ppm. To 
account for multiple comparisons across the three groups, the significance level was set at 1.6% 
(5%/3) using Bonferroni correction. Under these conditions, a one-sample t-test with 80% power 
indicated that at least five cases per group would be required to detect differences between the 
expected mean and the threshold mean. To accommodate potential dropouts, the target number 
of cases increased to six per group, for a total of 18 patients.

Statistical analyses
For the in vitro experiment, Compound A concentrations were compared using the Wilcoxon 

rank sum test. The maximum reaction temperatures were analyzed using one-way analysis of 
variance (ANOVA), followed by Tukey’s test to examine the differences between absorbents. In 
the in vivo clinical study, a comparison of the mean Compound A concentrations in each of the 
three groups with the threshold mean was performed using Student’s t-test (one-sample t-test) 
with Bonferroni correction. The level of significance was set at P < 0.05. We also performed 
one-sample t-test using the data when the six measurements were 0, 0, 0, 3.1, 3.1, and 3.1 as 
a sensitivity analysis. This data has the highest variance when all measurements are less than 
3.1. In other words, this data has the highest p-value for the t-test. All data were analyzed using 
SPSS software (version 29; IBM Japan Ltd, Tokyo, Japan).

RESULTS

In vitro study
We measured the Compound A concentration produced by several CO2 absorbent specimens 

in the 15-min reaction (Fig. 2A). In the comparison among absorbents, although the Compound 
A concentration in Drägersorb 800 Plus showed a median value of 89.4 ppm, Compound A 
was not observed in CaCl2-containing Drägersorb Free as well as AMSORB PLUS and YL-f. 
Compound A concentration of a strong base-free LoFloSorb was 5.0 ppm. At the maximum reac-
tion temperature, ANOVA testing showed a significant difference among the groups (P < 0.01). 
In addition, LoFloSorb and YL-f CaCl2-free derivative showed a significantly lower temperature 
than those of the other deliquescent substance-containing absorbents, including YL-f (Table 2).
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Fig. 2  Compound A production from sevoflurane with CO2 absorbent specimen
Reaction conditions involving 1 L of 8% sevoflurane (in 5% CO2) and 20 g of specimens for 15 min (A) or 60 
min (B) at 45 °C. The plots represent measured values (A, n = 9; B, n = 6). The values below the quantification 
limit of 3.1 ppm were set to 1.55 ppm, the median value between 0 and 3.1 ppm. Compound A concentrations 
of Drägersorb 800 Plus and LoFloSorb were compared with the other deliquescent substance-containing absorbents 
including Yabashi Lime-f. ** P < 0.01 (Wilcoxon rank sum test).

A

B

Table 2  Maximum reaction temperatures during the reaction of sevoflurane with several carbon dioxide 
absorbents

Maximum temperature (ºC)

Drägersorb 800 Plus 47.5 ± 0.4

Drägersorb Free 47.6 ± 0.2

LoFloSorb 46.9 ± 0.3##

AMSORB PLUS 47.8 ± 0.5

Yabashi Lime-f (YL-f) 47.5 ± 0.4

Yabashi Lime-f (YL-f) derivative 46.7 ± 0.3##

The reactions between 1 L of 8% sevoflurane (in 5% CO2) and 20 g of CO2 absorbents started at 
45  °C and lasted for 15 min.
Data are expressed as means ± standard deviation (n = 9).
## P < 0.01 vs the other deliquescent substance-containing absorbents including YL-f (one-way analysis 
of variance, followed by Tukey’s test).
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In 60-min reactions using YL-f and its CaCl2-free derivative, the YL-f derivative showed a 
median Compound A production of 3.5 ppm. Moreover, higher Compound A production (7.1 
ppm) was observed in the environment where 3 mL of water was added to the specimen. In 
contrast, YL-f itself did not produce Compound A in the presence or absence of water (Fig. 2B).

In vivo clinical study
A total of 18 patients completed the study (Fig. 3). The median anesthesia times were 497.0, 

549.0, and 696.5 min in the 2.0-, 1.0-, and 0.5-L/min FGF groups, respectively (Table 3). Three 
patients (1.0 L/min, 1; 0.5 L/min, 2) showed rebreathing of CO2 in the capnometer and the 
studies were terminated after the gas sample was collected. Compound A was not observed at all 
gas sampling points for all participants (Supplemental Table), and they were significantly lower 
than the threshold average of 20 ppm. A sensitivity analysis was performed, but significance 
was maintained. There were no differences between the groups in the maximum temperature in 
the canister (data not shown). Regarding AKI onset, two patients, one each from the 0.5 and 
1.0 L/min FGF group, showed a creatinine content 1.5 times higher than the reference value on 
POD 1 and were diagnosed with Stage 1 disease according to the KDIGO guidelines. These two 
patients who underwent laparoscopic total pelvic exenteration had significantly longer anesthesia 
times than those of the others (0.5 L/min FGF, 1,242 min; 1 L/min FGF, 1,201 min; P = 0.025; 
Supplemental Table).

Fig. 3  Consolidated Standards of Reporting Trials (CONSORT) flow diagram
* Withdrawn cases with an operation time of <6 h and one case in the 2.0-L/min group for which data could 
not be obtained.

Enrollment Assessed for eligibility (n=45)

Complete study
and analyses

Exclusion Surgery canceled (n=3)
Exclusion criteria (n=12)

Randomization Randomized (n=30)

Allocation 0.5 L/min (n=9) 1.0 L/min (n=10) 2.0 L/min (n=11)

Withdraw* (n=3) (n=4) (n=5)

6 patients 6 patients 6 patients
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DISCUSSION

This study presents several key findings: (1) it confirms that Compound A production from 
sevoflurane degradation involves the reaction between Ca(OH)2, the main component of CO2 
absorbents, and water in the anesthetic circuit; (2) the inclusion of CaCl2, a hygroscopic agent, 
in CO2 absorbents effectively prevents sevoflurane degradation into Compound A, likely by 
trapping water within the anesthetic circuit; and (3) Compound A production was not detected 
during low- and minimal-flow sevoflurane anesthesia surgeries lasting at least 6 h when using a 
CaCl2-containing CO2 absorbent that was free of strong bases.

Compound A is produced through the alkaline hydrolysis of sevoflurane. In our in vitro study, 
we evaluated various CO2 absorbent specimens under conditions that strongly promote Compound 
A production, based on prior research.23,24 Using NaOH-containing absorbent Drägersorb 800 Plus, 
we confirmed that our closed-anesthetic circuit system was effective in collecting Compound A 
samples from reactions between sevoflurane and the absorbent. In addition to Drägersorb 800 
Plus, Compound A production was observed with LoFloSorb, which is free of strong alkalis. 
This suggests that Ca(OH)2 is involved in the production of Compound A. Several previous 
studies, both in vitro and in vivo, have similarly demonstrated that even absorbents with reduced 
strong base content can produce Compound A.16-18,25 These findings support the hypothesis that 
Ca(OH)2 dissolves in water, becoming basic and creating an environment conducive to the alkaline 
hydrolysis of sevoflurane, which leads to Compound A production.

The presence of CaCl2 in absorbent specimens effectively prevented Compound A production, 
as evidenced by comparisons between Drägersorb Free (containing CaCl2) and Drägersorb 800 
Plus (without CaCl2). Compound A production was absent in all CaCl2-containing specimens 
in the 15-min reactions. Additionally, the higher reaction temperatures observed with CaCl2-
containing specimens suggest that CaCl2 interacts with water, generating heat. Interestingly, 
Compound A was detected in the YL-f CaCl2-free derivative after a 60-min reaction, while YL-f 
itself (which contains CaCl2) did not produce Compound A even after 60 min. This conclusively 

Table 3  Demographics of groups

FGF 2.0 L/min 1.0 L/min 0.5 L/min

n = 6 n = 6 n = 6

Age (years) 51 (43, 79) 45 (32, 70) 66 (33, 79)

Male/Female (number of cases) 4/2 2/4 5/1

Body weight (kg) 49.6
(36.3, 61.3)

62.3
(50.6, 77.2)

51.7
(38.0, 69.5)

Body mass index (kg/m2) 17.5
(15.4, 19.0)

24.4
(19.3, 26.1)

18.7
(15.6, 25.9)

ASA-PS I : II (number of cases) 1 : 5 2 : 4 1 : 5

Operation time (min) 394.5
(268, 522)

460.5
(339, 1110)

603.5
(355, 1136)

Anesthesia time (min) 497.0
(421, 684)

549.0
(436, 1201)

696.5
(459, 1241)

Data are expressed as median (minimum and maximum) or number of patients.
ASA-PS: American Society of Anesthesiologists-Physical Status
FGF: flesh gas flow
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demonstrated that CaCl2 plays a crucial role in preventing Compound A production. Experiments 
involving the addition of water to these absorbents further clarified this role, showing that the 
amount of water directly influences Compound A production. When water was added to the YL-f 
derivative, Compound A concentrations increased, supporting the hypothesis that the hygroscopic 
properties (its ability to absorb and trap water) of CaCl2 help prevent Compound A formation.

In the in vivo clinical study, no Compound A was detected in any of the 18 patients undergo-
ing surgeries lasting >6 h at normal (2.0 L/min), low (1.0 L/min), or minimal-flow (0.5  L/min) 
sevoflurane anesthesia using YL-f. This is notable, as previous clinical studies using other 
CaCl2-containing absorbents, such as AMSORB PLUS and Drägersorb Free, reported surgery 
durations of 4 and 3 h, respectively. Thus, this study represents the longest clinical evaluation 
of Compound A production. The absence of Compound A in these extended-duration surgeries 
suggests that even under conditions where humidity within the anesthetic circuit could rise, the 
use of CaCl2-containing CO2 absorbents effectively prevents Compound A formation.

Furthermore, while the CO2 absorption capacity of YL-f was exceeded in the cases of three 
patients (two at 0.5 L/min, one at 1.0 L/min), and the further sampling from the patients had 
to be discontinued due to CO2 rebreathing, Compound A was not detected immediately before 
termination. These findings suggest that low- and minimal-flow sevoflurane anesthesia can be 
performed safely with YL-f, provided that the absorbent is replaced when CO2 rebreathing occurs.

Although two patients experienced AKI on POD 1, Compound A was ruled out as the cause. 
This suggests that while AKI may occur during prolonged surgeries, the use of CaCl2-containing 
absorbents like YL-f can prevent Compound A-related kidney injury, further supporting the 
efficacy of these absorbents in minimizing sevoflurane degradation risks.

The clinical study had two key limitations. First, the patient selection focused on individuals 
undergoing colorectal resection, a procedure with minimal impact on renal function. However, 
this group included patients with Crohn’s disease and colorectal cancer, resulting in significant 
variability in body weight within and between groups. Despite this variation, body weight did 
not seem to influence Compound A production, and the study was considered complete. The 
second limitation was the relatively small number of patients. While calculations confirmed that 
the mean Compound A concentration in all groups was below the safety threshold, larger-scale 
clinical trials are needed to further evaluate the risk of AKI during low- and minimal-flow 
sevoflurane anesthesia.

Low- and minimal-flow anesthesia offers multiple benefits beyond economic and environmental 
advantages. These methods help protect the lungs by humidifying and warming the ventilation 
gases. The Anesthesia Patient Safety Foundation has recognized the importance of low-flow 
anesthesia, featuring it in its newsletter and launching educational initiatives in collaboration 
with the American Society of Anesthesiologists.13,26 Additionally, growing concerns regarding 
the environmental impact of desflurane have fueled the momentum toward adopting low-flow 
sevoflurane anesthesia.27 To implement such changes, it is crucial to base practices on solid 
evidence.10,12

In conclusion, this study demonstrated that CaCl2 effectively prevents Compound A production 
during sevoflurane anesthesia by trapping water in the anesthetic circuit. Strong base-free CO2 
absorbents containing CaCl2, such as YL-f, may be particularly useful for low- and minimal-flow 
sevoflurane anesthesia, improving patient safety. Additionally, the ability of CaCl2-containing 
absorbents to inhibit carbon monoxide production from the degradation of volatile anesthetics, 
such as desflurane, further enhances their safety profile.20
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