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Abstract
Purpose  This study was performed to evaluate the changes in oxygen supply–demand balance during induction of general 
anesthesia using an indirect calorimeter capable of measuring oxygen consumption (VO2) and carbon dioxide production 
(VCO2).
Methods  This study included patients scheduled for surgery in whom remimazolam was administered as a general anesthetic. 
VO2 and VCO2 were measured at different intervals: upon awakening (T1), 15 min after tracheal intubation (T2), and 1 h 
after T2 (T3). Oxygen delivery (DO2) was calculated simultaneously with these measurements. VO2 was ascertained using 
an indirect calorimeter and further calculated using vital signs, among other factors. DO2 was derived from cardiac output 
and arterial blood gas analysis performed with an arterial pressure-based cardiac output measurement system.
Results  VO2, VCO2, and DO2 decreased significantly from T1 to T2 and T3 [VO2/body surface area (BSA) (ml/min/m2): 
T1, 130 (122–146); T2, 107 (83–139); T3, 97 (93–121); p = 0.011], [VCO2/BSA (ml/min/m2): T1, 115 (105–129); T2, 90 
(71–107); T3, 81 (69–101); p = 0.011], [DO2/BSA (ml/min/m2): T1, 467 (395–582); T2, 347 (286–392); T3, 382 (238–414); 
p = 0.0020]. Among the study subjects, a subset exhibited minimal reduction in VCO2. Although the respiratory frequency 
was titrated on the basis of end-tidal CO2 levels, there was no significant difference between the groups.
Conclusion  General anesthetic induction with remimazolam decreased VO2, VCO2, and DO2.
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Introduction

A key objective in anesthesia and intensive care is preser-
vation of oxygen homeostasis [1]. Administration of gen-
eral anesthesia transfers homeostasis regulation from the 
patient’s innate physiological regulatory mechanisms to the 
anesthesiologist. Therefore, careful control of anesthetic 
procedures, particularly systemic management of general 
anesthetics, is necessary. When oxygen delivery (DO2) to 

tissues decreases, in vivo mechanisms that regulate the oxy-
gen-carrying capacity [2] and shut down unneeded cellular 
operations are activated [3]. However, when tissue oxygen 
levels fall below a particular threshold, malfunction of intra-
cellular metabolic processes may result in life-threatening 
shock [4, 5].

DO2 to tissues is proportional to the product of arterial 
blood oxygen content and cardiac output [6]. Critical DO2 
levels [DO2(crit)] are those that cause cellular and organ 
malfunction and irreversible alterations that can lead to cell 
death [7, 8]. There is no definitive standard for DO2(crit). 
Oxygen consumption (VO2) in vivo is independent of DO2 
over a broad range of values because the oxygen extrac-
tion rate (ERO2), representing the ratio of VO2 to DO2, can 
accommodate changes in DO2 [9]. However, when oxygen 
supply falls below DO2(crit), cellular oxygen utilization 
becomes dependent on the oxygen supply [10, 11].

The balance of oxygen supply is not solely dependent on 
the amount of oxygen delivered. The effect of carbon dioxide 
produced by tissue metabolism (VCO2) also plays a role. 
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Further increases in VCO2 can lead to greater increases in 
the partial pressure of carbon dioxide, potentially resulting 
in acidosis. The carbon dioxide dissociation curve changes 
with alterations in base excess, hemoglobin concentration, 
and oxygen saturation (Haldane effect), as outlined in a pre-
vious report [12]. These factors can alter the venoarterial 
difference in carbon dioxide tension, even without changes 
in the R/Q (VCO2/VO2) or tissue oxygenation [13].

During induction of general anesthesia, rapid changes 
occur in the patient’s hemodynamic and respiratory con-
dition [14]. Anesthetic-induced circulatory depression 
decreases cardiac output and DO2, whereas sedative medi-
cations [15], muscle relaxants [16], and changes in body 
temperature influence VO2 [17]. Consequently, both DO2 
and VO2 drop during general anesthesia, but their effects 
and associations are unknown [18].

Selection of medications is a crucial aspect of anesthetic 
management. Remimazolam is an ultrashort-acting sedative/
anesthetic benzodiazepine agonist with high affinity for the 
benzodiazepine-binding site on the gamma-aminobutyric 
acid receptor. This drug is characterized by the safety of 
benzodiazepines (hemodynamic stability) and excellent con-
trollability (quick induction of anesthesia and recovery of 
cognitive functions) [19–21].

Hypotensive episodes requiring vasoconstrictor treatment 
during general anesthesia can influence the oxygen sup-
ply–demand balance [22–24]. DO2 and VO2 during general 
anesthesia may have been exaggerated in prior studies that 
reported the balance between oxygen supply and demand, 
as the use of drugs that increase blood pressure may have 
increased oxygen supply and oxygen consumption, which 
could have been overestimated. Therefore, we expected that 
using remimazolam, which is more hemodynamically sta-
ble than typical general anesthetics [25], would facilitate 
analysis of alterations in the oxygen supply–demand bal-
ance generated by general anesthesia without vasoconstrictor 
treatment.

We conducted an exploratory investigation to determine 
the effects of remimazolam on the balance between oxygen 
supply and demand during general anesthetic induction by 
monitoring VO2, VCO2, and DO2. Our objective was two-
fold: first, to determine the impact of remimazolam on the 
balance between DO2 and VO2 during general anesthetic 
induction; and second, to explore the in vivo changes asso-
ciated with changes in the oxygen supply–demand balance 
during arousal and after the induction of general anesthesia.

Methods

This research was approved by Yamagata University School 
of Medicine Ethics Review Board (Approval No. 2020–375; 
Approval Date: April 7, 2021). All participants provided 

written informed consent. Before study commencement, 
registration in the University Hospital Medical Informa-
tion Network was completed (Study ID: UMIN000043879; 
Reception Number: R000050079; Publication Date: April 
10, 2021).

The participants were surgical patients who underwent 
general anesthesia with intubation in our institution. The 
eligibility requirement was an age of 18–85 years. The 
exclusion criteria were allergy to any component of remi-
mazolam; history of central nervous system disease (e.g., 
cerebral infarction or hemorrhage), neuromuscular disease 
(e.g., myasthenia gravis), uncontrolled heart or respiratory 
failure, renal failure (serum creatinine ≥ 2 mg/dl), or liver 
failure (aspartate transaminase/alanine transaminase ratio 
2.5 × the upper limit of normal); and inability to provide 
informed consent. Patients requiring postural adjustment or 
isolated lung ventilation, those undergoing head-and-neck 
surgery and emergency procedures, and those with hemor-
rhage that might influence cardiac performance were also 
excluded. Patients receiving epidural anesthesia were not 
excluded.

Anesthetic management and monitoring

A transcutaneous oxygen saturation monitor, electrocardio-
gram device, noninvasive arterial pressure monitor, bispec-
tral index (BIS) monitor (BIS XP; Aspect Medical Systems, 
Newton, MA, USA), and peripheral venous and arterial lines 
were applied upon entering the operating room. Before gen-
eral anesthetic induction, the supraorbital forehead tempera-
ture was recorded using a zero-heat-flux (ZHF) thermometer 
(SpotOn; 3 M, Saint Paul, MN, USA). After general anes-
thetic induction, a urethral catheter with a bladder tempera-
ture sensor (BARD Silver TSC Tray; Becton, Dickinson and 
Company, Franklin Lakes, NJ, USA) was placed.

Before anesthetic induction, VO2 and VCO2 were meas-
ured with an indirect calorimeter (CCM Express; MGC 
Diagnostics, Saint Paul, MN, USA), and oxygen supply was 
simultaneously estimated (T1). Following preoxygenation, 
remifentanil (0.2–0.5 μg/kg/min) and remimazolam (Anerem 
50 mg; Mundipharma K.K., Tokyo, Japan) (12 mg/kg/h) 
were administered. Upon confirming loss of consciousness, 
the remimazolam dose was lowered to 1.0 mg/kg/h and 
subsequently adjusted to maintain a BIS of 40–60. Rocu-
ronium was administered at 0.8 mg/kg, followed by intuba-
tion 2–3 min later. Post-intubation, the remifentanil dosage 
was decreased to 0.1 μg/kg/min and maintained. In addition, 
the dose of remifentanil was increased to 0.2–0.4 μg/kg/
min after T2 and maintained until surgery. The body surface 
heating system was set to 38 °C in areas not covered by the 
surgical field. The heating device was not applied above the 
patient’s neck. The crystalloid solution administration speed 
was not changed from T1–T3.
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Systolic arterial pressure of < 80 mmHg was defined as 
hypotension. For hypotension, 0.1 mg of phenylephrine and 
4 mg of ephedrine were administered when the pulse rate 
was ≥ 80 and ≤ 79 beats/min, respectively. These participants 
were excluded from the study.

Inspiratory oxygenation was set to 45%, the tidal vol-
ume for ventilation was 8 ml/kg [male body weight (kg): 
50 + 0.91(height (cm) − 152.4); female body weight (kg): 
45.5 + 0.91(height (cm) − 152.4)] [26], the end-expiratory 
positive-pressure ventilation was 5 cmH2O, and the respira-
tory rate was adjusted to an end-tidal carbon dioxide concen-
tration of 35–40 mmHg. A Perseus A500 ventilator (Dräger, 
Lübeck, Germany) was used.

Using an indirect calorimeter, the metabolic rate was 
assessed 15 min after tracheal intubation and stabilization 
of the hemodynamic and respiratory state (T2), and again 
1 h after T2 (T3).

The oxygen supply–demand balance was determined 
using the indirect calorimeter measurements of VO2 and 
VCO2. The indirect calorimeter measured VO2 and VCO2 
based on the oxygen or carbon dioxide concentration and 
the breathing rate for inspiratory and expiratory air [27].

Cardiac output was measured with a FloTrac (Edwards 
Lifesciences, Irvine, CA, USA) and combined with the arte-
rial blood gas measurements to calculate DO2 as follows [7]:

DO2 = [1.34 × Hb × SaO2 + (0.003 × PaO2)] × cardiac 
output × 10,

where Hb is hemoglobin (g/dl), SaO2 is arterial oxyhemo-
globin saturation (%), and PaO2 is arterial oxygen tension 
(mmHg). The cardiac output measured by the FloTrac was 
calculated as the product of stroke volume and heart rate.

When the respiratory and circulatory dynamics were 
steady, measurements were collected once, and the 3 min 
mean of the measurements was used. The variables are dis-
played as median (interquartile range).

Outcomes

The primary endpoint was the changes in VO2 and VCO2 
evaluated by indirect calorimetry before and after general 
anesthetic induction, as well as DO2 derived from cardiac 
output.

The secondary endpoints included various vital signs, 
such as blood pressure, heart rate, cardiac output, and BIS. 
We also studied indices of the oxygen supply–demand bal-
ance before and after general anesthetic induction, namely 
ERO2, R/Q, double product (heart rate × systemic blood 
pressure) [28], and VO2 using the LaFarge–Miettinen 
prediction equation (LMVO2) for men and women [men: 
LMVO2/body surface area (BSA) = 138.1 − (11.19 × log 
age)  + (0 .378  × hear t  ra te ) ,  women:  LMVO 2/
BSA = 138.1 − (17.04 × log age) + (0.378 × heart rate)] [29].

Patients were divided into two cohorts on the basis of 
VCO2 values at T2, which is a metabolic byproduct and indi-
cator of respiratory function [30]. VCO2 per body surface 
area of 96.3 ml/min/m2 was defined as the boundary value, 
with patients exceeding this value comprising the high VCO2 
group and those below this value comprising the low VCO2 
group. This boundary value was determined from the resting 
VO2 value [31], the predicted decrease in VO2 under general 
anesthesia [23], and a respiratory quotient of 1. The cohort 
division aimed to elucidate differences in oxygen metabolic 
parameters, such as VO2 and VCO2, between wakefulness 
and after induction of anesthesia.

Sample size and statistical analyses.

The sample size was determined based on the standardized 
mean difference of 1.31 and standardized difference of 25 as 
previously described [32]. A sample size of 11 was needed 
to detect a > 30% change in VO2 with a significance level of 
0.05 (two-tailed) and a power of 0.80, as previously reported 
[23]. Because indirect calorimetry measurement involves 
skill, the target number of patients was set at 22, assuming 
that measurement errors would occur in approximately 50% 
of cases.

The Friedman test for comparing measurement data at 
three sites and the Wilcoxon rank-sum test for compar-
ing two groups were used for statistical analyses. Two-
tailed tests were conducted, and p < 0.05 was considered 
significant.

All statistical analyses were conducted using GraphPad 
Prism version 5.00 (GraphPad Software, San Diego, CA, 
USA).

On the consent form, the participants were informed that 
they would receive remimazolam for general anesthesia. The 
anesthesiologist in charge of each case also performed the 
measurements and analyzed the results. One anesthesiolo-
gist performed the measurements with the assistance of one 
anesthesia assistant.

The figures were created using GraphPad Prism version 
5.00 (GraphPad Software Inc., San Diego, CA, USA) and 
Microsoft PowerPoint (Microsoft Corporation, Redmond, 
WA, USA).

Results

Twenty-two patients were enrolled from April 2021 to 
August 2021; of these, 11 patients were included (Fig. 1). 
The patients’ demographics were characterized by a median 
age of 67 years and no sex bias (Table 1). Heart rate, blood 
pressure, and hemoglobin decreased markedly from T1–T2 
and T3 (Table 2).
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In a cohort of 10 patients, we observed a statistically sig-
nificant decrease over three time points in three key metrics: 

VO2/BSA, VCO2/BSA, and DO2/BSA. Specifically, the 
median VO2/BSA dropped from 130 (122–137) ml/min/m2 
at T1 to 107 (81–133) ml/min/m2 at T2, and then further 
declined to 97 (93–121) ml/min/m2 at T3. This decline was 
statistically significant (p = 0.011). Similarly, the median 
VCO2/BSA decreased from 115 (105–129) ml/min/m2 at T1 
to 90 (71–107) ml/min/m2 at T2, and decreased further to 81 
(69–101) ml/min/m2 at T3. This trend was also statistically 
significant (p = 0.0020).

DO2/BSA followed a slightly different pattern. It 
decreased from a median of 467 (395–582) ml/min/m2 at 
T1 to 347 (286–392) ml/min/m2 at T2, but then increased 
slightly to 382 (238–414) ml/min/m2 at T3. This overall 
change was statistically significant (p = 0.0011). These 
results are visually represented in Fig. 2 and numerically 
detailed in Table 3.

The analysis revealed a characteristic trend in the change 
in oxygen metabolism between the two groups divided by 
the VCO2 at T2. There were no significant differences in the 
patients’ backgrounds, such as age and sex, between these 
two groups (Online Resource 1). There were also no signifi-
cant differences at T1 for hemodynamics (e.g., heart rate, 
blood pressure, cardiac coefficient), respiratory status (min-
ute ventilation rate, respiratory rate), oxygen supply–demand 
balance indices (VO2, VCO2, DO2), and acid–base equi-
librium (pH, bicarbonate) (Online Resources 2 and 3). In 
contrast, no significant differences were found at T2 for 
the circulatory dynamics; however, differences were found 
for respiratory status (tidal volume and minute ventilation 
volume) and acid–base equilibrium (bicarbonate). Regard-
ing the oxygen supply–demand balance index, VO2 showed 

Fig. 1   Diagram illustrating the 
included patients. The study 
involved 11 patients after 
omitting those who met the 
exclusion criteria and those 
who received vasoconstrictor 
treatment

Table 1   Patient characteristics

Data are represented as the median (interquartile range) or number of 
patients
ASA-PS American society of anesthesiologists physical status

Variable n = 11

Age (year) 67 (56–79)
Male (n, %) 6 (54.5)
Height (m) 1.61 (1.58–1.67)
Body weight (kg) 59.6 (53.9–69.1)
Body mass index (kg/m2) 21.9 (20.1–27.8)
Body surface area (m2) 1.62 (1.54–1.79)
ASA-PS (1/2/3) 2 /8 /1
Comorbidities
 Hypertension (n, %) 8 (72.7)
 Diabetes mellitus (n, %) 2 (18.2)

Medication
 Beta-blocker (n, %) 1 (9.0)
 Charlson Comorbidity Index score 2 (1.5–2)
 Age-adjusted Charlson comorbidity index score 6 (5.5–6.0)
 Preoperative hemoglobin (g/dl) 12.6 (11.6–13.3)
 Preoperative creatinine (mg/dl) 0.76 (0.61–0.86)
 Operation for cancer (n, %) 8 (72.7)

Type of surgery
 Abdominal surgery (n, %) 8 (72.7)
 Cardiovascular surgery (n, %) 2 (18.1)
 Mastectomy (n, %) 1 (9.0)
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Table 2   Value as measured at each phase of the measurement

Data are represented as the median (interquartile range) or number of patients. SaO2; Arterial oxyhemoglobin saturation, Oxygen content in arte-
rial blood; Hemoglobin × SaO2 × 1.34 (ml/dl), +p < 0.05 vs. T1, #p < 0.05 vs. T1 (adjustment for multiple comparisons, Bonferroni)

Variable T1 T2 T3 p

Temperature by zero-heat-flux (℃) 36.9 (36.6–37.1) 36.8 (36.8–37.0) 36.6 (36.5–37.0) 0.43
Temperature by urinary catheter (℃) – 36.9 (36.7–37.3) 36.5 (36.5–37.0) 0.29
Heart rate (bpm) 71 (65–77) 64 (57–71)+ 63 (57–83) 0.045
Systolic blood pressure (mmHg) 142 (134–164) 96 (92–111)+ 107 (95–132) 0.006
Mean blood pressure (mmHg) 92 (90–101) 64 (62–74)+ 73 (62–87) 0.006
Diastolic blood pressure (mmHg) 67 (60–73) 53 (47–56)+ 54 (46–72) 0.015
SaO2 (%) 97.1(96.8–97.8) 99.4 (99.3–99.6)+ 99.4 (99.3–99.6)#  < 0.0001
Cardiac output (l/min) 4.7 (4.3–4.9) 3.6 (3.1–4.5) 3.6 (2.9–4.5) 0.10
Cardiac index (l/min/m2) 2.8 (2.6–3.1) 2.1 (1.8–2.6) 1.9 (1.8–2.8) 0.10
Systemic vascular resistance index 

(dyne × sec × cm5 /m2)
2607 (2292–3171) 2438 (2114–2918) 2841 (2090–3007) 0.63

Stroke volume index (ml/beat/m2) 39.4 (34.6–40.6) 33.3 (30.7–40.6) 33.3 (28.1–37.9) 0.63
Bispectral Index value – 52(49–56) 51(49–56) –
Hemoglobin (g/dl) 13.3 (11.4–14.0) 11.7 (10.1–12.5)+ 10.8 (9.9–12.3)#  < 0.0001
Lactate (mg/dl) 1.08 (0.84–1.44) 0.98 (0.87–1.57) 1.23 (1.06–1.35) 0.84
Oxygen content in arterial blood (ml/dl) 17.3 (14.6–18.8) 16.3 (14.2–17.2)+ 14.8 (13.9–16.5)# 0.0002

Fig. 2   Results of VO2, VCO2, 
DO2, and ERO2. Before and 
after induction of general 
anesthesia, VO2, VCO2, and 
DO2 dropped, but there was 
considerable variation among 
the patients. ERO2 did not 
change appreciably. *p < 0.05, 
T1 vs. T3. **p < 0.05, T1 vs. 
T2. VO2, oxygen consumption; 
VCO2, carbon dioxide produc-
tion; DO2, oxygen delivery; 
ERO2, oxygen extraction rate; 
T1, first time point; T2, second 
time point; T3, third time point; 
BSA body surface area

Table 3   Values for the supply and demand of oxygen

Data are represented as the median (interquartile range)
BSA body surface area
+ p < 0.05 vs. T1, #p < 0.05 vs. T1 (adjustment for multiple comparisons, Bonferroni)

T1 T2 T3 p

Oxygen consumption/BSA (ml/min/m2) 130 (122–137) 107 (81–133) 97 (93–121)# 0.011
Carbon dioxide production/BSA (ml/min/m2) 115 (105–129) 90 (71–107)+ 81 (69–101)# 0.0020
Oxygen delivery/BSA (ml/min/m2) 467 (395–582) 347 (286–392)+ 382 (238–414) 0.011
Oxygen extraction ratio (%) 26.1 (23.0–35.9) 36.8 (20.6–42.0) 33.9 (26.1–39.1) 0.97
Double product (bpm × mmHg) 10,275 (8500–11620) 6141 (5063–7332)+ 7150 (5082–9184)  < 0.0001
LaFarge–Miettinen oxygen consumption/BSA (ml/

min/m2)
140 (136–146) 135 (134–142)+ 140 (137–143) 0.045
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similar highs and lows as those for VCO2, but DO2 showed 
no difference between the two groups.

Discussion

The key findings in this study were as follows:

1.	  Remimazolam for induction of general anesthesia led to 
significant reductions in VO2 and VCO2, and an initial 
drop in DO2, indicating suppressed metabolic activity 
and oxygen demand.

2.	  Patients stratified by VCO2 levels exhibited divergent 
patterns in respiratory parameters and acid–base status 
post-induction, despite comparable baseline character-
istics.

3.	  While changes in VO2 paralleled those for VCO2, DO2 
remained similar between the groups, implying remima-
zolam’s metabolic effects may depend on the patient’s 
underlying metabolic state.

These findings provide important insights into the meta-
bolic alterations and compensatory oxygen supply–demand 
dynamics during induction of general anesthesia with remi-
mazolam. These findings highlight the need for individual-
ized anesthetic management strategies that account for the 
patient’s specific metabolic profile and oxygen demands.

Most of the previously published reports we collected 
examined oxygen supply–demand balance using inhaled 
anesthetics. Jakobsson et al. [32] reported a 33 ml/min/m2 
(95% confidence interval, 28–38 ml/min/m2) reduction in 
VO2 in a systematic review. Crozier et al. [33] reported a 
102 ml/min (32.1%) reduction in VO2 after induction of 
general anesthesia with midazolam. In this study, as in a 
previous study [18], both oxygen supply and VO2 decreased. 
However, in contrast to the previous study, in which both 
oxygen supply and VO2 decreased simultaneously, the 
decrease in VO2 was smaller than previously reported in 
this study, with decreases in VO2, VCO2, and DO2 of 23 ml/
min/m2 (17.7%), 25 ml/min/m2 (21.8%), and 120 ml/min/
m2 (25.7%), respectively. Consequently, the ERO2 ranged 
from 26.1% during wakefulness to 36.8% during general 
anesthesia.

DO2 dependence on VO2 occurs when DO2(crit) is below 
the established range [9, 22, 34]. During anesthesia and 
cardiac resuscitation, DO2(crit) in healthy awake patients 
ranges from 270 to 330 ml/min/m2 [7, 35, 36]. The mecha-
nism by which ERO2 is modified and corrected operates 
when DO2 is maintained above the critical value [7–9]. 
DO2(crit) thresholds are also elevated by mitochondrial 
dysfunction in patients with sepsis and hyperlactatemia [37, 
38]. In this study, we observed some cases in which DO2/
BSA fell below 330 ml/min/m2 at T2, but we encountered no 

cases with an increased R/Q. However, we observed cases 
with an R/Q of > 1 at T1. This suggests that the effect of 
sympathetic dominance during arousal on the tissue oxygen 
supply–demand balance is greater than the effect of para-
sympathetic dominance due to general anesthesia [39].

The most important difference between the present 
study and previous studies is in the use of general anesthe-
sia. Because of concerns that inhalation anesthetics would 
compromise the accuracy of the indirect calorimetry data, 
only intravenous anesthetics were used in the present study. 
To exclude the impact of changes in hemodynamics and 
oxygen supply caused by vasoconstrictor treatment, we also 
excluded patients who received vasoconstrictor treatment. 
Inhaled anesthetics have ischemia preconditioning effects 
[40], and the changes in VO2 and VCO2 likely differ between 
inhaled and intravenous anesthetics, including remima-
zolam, in terms of the DO2 decrease.

At the cellular and tissue levels, biological reactions to 
variations in DO2 are distinct. Hypoxic cells respond with a 
self-imposed program to cut energy consumption by directly 
sensing a fall in oxygen levels long before the adenosine 
triphosphate (ATP) pool is depleted and by shutting down 
non-essential cellular processes [3]. Therefore, VO2 may 
have declined in a DO2-dependent manner. Because R/Q did 
not differ between the two groups, the low VO2 and VCO2 
levels in the low VCO2 group were within the range of physi-
ological alterations and above the DO2(crit) level.

When comparing differences in the variables between the 
two groups, no differences were found in the awake group 
(Online Resource 1). Under general anesthesia, differences 
were observed in VO2 as well as high and low VCO2 values, 
but there were no significant differences in the hemodynamic 
parameters, such as blood pressure, heart rate, cardiac out-
put, stroke volume, peripheral vascular resistance, or DO2. 
The partial pressure of end-tidal CO2 values did not differ 
between the two groups because minute ventilation changed 
in parallel with changes in VCO2; however, differences were 
observed in acid–base equilibrium. Therefore, the effect on 
acid–base equilibrium was thought to have been caused by 
the change in cellular CO2 production.

The reason for dividing the patients into two groups (high 
and low VCO2) stems from a clinical question. The clinical 
question is whether changes in oxygen supply may cause 
fluctuations in VCO2 during induction of general anesthesia 
(as inferred from the minute ventilation rate and end-tidal 
CO2), which will require adjustments in respiratory manage-
ment. Because VCO2 should correlate with VO2 in all but 
extreme oxygen metabolic situations, we thought that the 
relationship between oxygen supply and VO2 was relevant. 
We considered this an important topic because the main-
tenance of homeostasis, including oxygen metabolism, is 
the anesthesiologist’s responsibility during general anesthe-
sia. Although the patients in this study were scheduled for 



628	 Journal of Anesthesia (2024) 38:622–630

surgery and were in a stable general condition, the discovery 
that only some patients tended to have decreased VCO2 val-
ues was considered a new finding.

The body composition variables influencing VO2, such 
as circulating blood volume, body temperature and its dis-
tribution, and lean body mass, may have varied among the 
patients. Changes in body temperature are related to altera-
tions in tissue heat content (i.e., VO2 changes) [41]. The 
induction of general anesthesia may have decreased the 
deep body temperature and raised the peripheral heat con-
tent in the extremities [42], thereby altering the oxygen sup-
ply–demand balance.

In one patient in this study, DO2 and VO2 increased dur-
ing the induction of general anesthesia. The data analysis 
revealed a drop in blood pressure and pulse rate from T1 to 
T2. However, cardiac output rose while peripheral vascular 
resistance fell. The ZHF temperature at T1 was as low as 
35.1 °C, whereas the ZHF temperature was 36.5 °C, and the 
bladder temperature was 34.2 °C, at T2. The ZHF tempera-
ture did not vary by more than 1.4 °C in any other patients. 
The rapid redistribution of temperature brought on by gen-
eral anesthesia may have contributed to the increases in DO2 
and VO2 at T2.

The limitations of our study are that the characteristics of 
the patient groups and research methods affected the results. 
First, regarding the uncertainty of the measurement method, 
only a single measurement was taken each time. Given that 
each measurement took approximately 20 min to complete, 
the time required for many measurements would have been 
clinically inappropriate. Second, the third measurement was 
taken after the commencement of surgery. The results might 
have been influenced by factors, such as epidural anesthesia, 
bleeding, and surgical invasion. However, no patients devel-
oped massive bleeding that required transfusion and vaso-
constrictor treatment. Despite our utmost efforts to eliminate 
as many factors as possible that could impact the balance of 
oxygen supply and demand, this remains an important limi-
tation of our study and may have affected the consistency 
of the measurement results. Third, the indirect calorimetry 
measurements during the waking state may have contained 
errors due to the omission of respiration-related leakage 
from the device gap.

The findings of this study have important implications 
for intensivists and anesthesiologists who administer general 
anesthesia. It is often challenging to determine the appro-
priate amount of oxygen required for each patient in clini-
cal practice, and the respiratory and cardiovascular systems 
are typically managed based on the established safe zone. 
Importantly, further developments in the methodology of 
this study may facilitate predictions of future changes in VO2 
after the induction of general anesthesia.

In conclusion, general anesthetic induction with remima-
zolam decreased VO2, VCO2, and DO2. The data suggest 

that some cases behaved differently in response to changes 
in the oxygen supply–demand balance despite having the 
same settings for breathing conditions.
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