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There is no evidence that carbon et

dioxide-enriched oxygen before apnea affects
the time to arterial desaturation, but it might
improve cerebral oxygenation in anesthetized
obese patients: a single-blinded randomized
crossover trial

Marc T. Schmidt!, Marc Studer?, Andres Kunz?, Sandro Studer?, John M. Bonvini', Marco Bueter* Lucas Kook,
Sarah R. Haile®, Andreas Pregernig', Beatrice Beck-Schimmer'®” and Martin Schlapfer'”

Abstract

Purpose Carbon dioxide (CO,) increases cerebral perfusion. The effect of CO, on apnea tolerance, such as after
anesthesia induction, is unknown. This study aimed to assess if cerebral apnea tolerance can be improved in obese
patients under general anesthesia when comparing O,/Air (95%0,) to O,/CO, (95%0,/5%CO,).

Methods In this single-center, single-blinded, randomized crossover trial, 30 patients 18-65 years, with body mass
index > 35 kg/m?, requiring general anesthesia for bariatric surgery, underwent two apneas that were preceded by
ventilation with either O,/Air or O,/CO, in random order. After anesthesia induction, intubation, and ventilation with
O,/Air or O,/CO, for 10 min, apnea was performed until the cerebral tissue oxygenation index (TOI) dropped by a rela-
tive 20% from baseline (primary endpoint) or oxygen saturation (SpO,) reached 80% (safety abortion criterion). The
intervention was then repeated with the second substance.

Results The safety criterion was reached in all patients before cerebral TOI decreased by 20%. The time until SpO,
dropped to 80% was similar in the two groups (46 s with O,/CO,, 95%Cl -7 to 19's, p=0.37). Cerebral TOl and PaO,
were higher after O,/CO, (+ 1.5%; 95%Cl: from 0.3 to 2.6; p=0.02 and + 0.6 kPa; 95%Cl: 0.1 to 1.1; p=10.02).

Conclusion O,/CO, improves cerebral TOl and PaO, in anesthetized bariatric patients. Better apnea tolerance could
not be confirmed.
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Introduction

Before general anesthesia induction, patients are
administered 100% oxygen (O,) to prevent hypoxia
and brain damage should ventilation fail. In the blood,
oxygen is transported predominantly (> 98%) bound to
hemoglobin within red blood cells [1]. Increased car-
bon dioxide partial pressure (PCO,), temperature, and
decreased pH, lower O, hemoglobin affinity [2]. In the
systemic circulation, high CO, and low pH promote
vasodilatation. Metabolically active tissue is; there-
fore, better perfused, and oxygen release is facilitated.
Hypercarbia and acidemia are essential components of
cerebral autoregulation [3]. Hypoxia stimulates vasodi-
lation. This effect is amplified by the more potent vas-
odilator CO,; thus, cerebral blood flow increases more
than with hypoxia alone [4]. Cerebral oxygenation
and task performance of rhesus monkeys subjected to
hypoxia improved under the influence of an admixture
of CO, [5], which may be a result of the above-men-
tioned mechanisms.

To date, functional effects of CO, have been primar-
ily described for hypobaric hypoxic conditions, such
as in high altitude, aviation, and aerospace medicine
[6-8].

Improved task performance with an increased CO,
partial pressure has also been described under nor-
mobaric hypoxia [8]. A higher CO, partial pressure
increases cerebral blood flow [9], which results in a
higher TOI [10]. Whether higher CO, concentrations
improve cerebral oxygenation in anesthetized humans
and protect the brain from impending hypoxia, respec-
tively, prolonging the time for a defined TOI drop
is unclear. Obese patients have a decreased oxygen
reserve due to a low functional residual lung capacity
(ERC), are therefore at risk for hypoxia, and might ben-
efit from CO, application. Low TOI may be associated
with delirium [11], but no TOI and time thresholds
have been established yet. Clinical studies on apnea
tolerance during anesthesia induction are almost non-
existent [12], let alone in obese patients. One study
reported that the incidence or a relevant drop of
peripheral oxygen saturation (SpO,) to<80% could be
observed in 8% of obese patients undergoing bariatric
surgery [13]. This is all the more relevant as obesity is
a risk factor for difficult mask ventilation [14].

This current study aimed to assess if cerebral apnea
tolerance can be improved with the use of O,/CO,
compared to O,/Air in obese patients under general
anesthesia. We hypothesized that ventilation with O,/
CO, would extend apnea time until cerebral tissue
oxygenation index (TOI=regional oxygen saturation,
SrO,) decreased by a relative 20% from baseline.
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Materials and methods

Trial design

This is a single-center, single-blinded, proof-of-concept
randomized crossover trial.

Participants, eligibility criteria, setting

This study was approved by the local ethics committee
(Kantonale Ethikkommission Zurich, Zurich, Switzer-
land, number 2017 — 01,790) as well as by the national
authorization and supervisory authority for drugs and
medical products (Swissmedic Bern, Switzerland, noti-
fication number 2017DR2183).

Inclusion criteria were defined as patients between
18 and 65 years old being scheduled for primary bariat-
ric surgery with a BMI > 35 kg/m? and signed informed
consent to participate in this study. Exclusion criteria
were severe end-organ damage (chronic obstructive
pulmonary disease GOLD III and IV or other chronic
respiratory diseases; known hepatic insufficiency or
liver enzymes>50% over the upper reference value of
the University Hospital Zurich; renal creatinine clear-
ance<30 ml/min; diagnosed pulmonary hyperten-
sion (mean pulmonary arterial pressure >25 mmHg);
severe cardiovascular disease (New York Heart Asso-
ciation, NYHA classification III and IV); history of
cerebrovascular disease; drug- or alcohol abuse; and
pregnancy). In patients at risk for cardiovascular dis-
ease (age>50 vyears, history of atherosclerosis, or
any related diseases), significant vascular stenosis
(>50%) of the carotid arteries was excluded by duplex
examination.

All participants of the study provided written and
informed consent to participate in this trial. It was reg-
istered before patient enrollment onwww.clinicaltrials.
gov(NCT 03,338,907; date of registration: 09/11/2017)
and is reported according to the consolidated stand-
ards of reporting trials (CONSORT) checklist [15]. The
study was monitored by the clinical trials center of the
University Hospital Zurich, Zurich, Switzerland. The
trial was performed at the University Hospital Zurich
between January and November 2018.

Randomization and blinding

Patients were randomized on the day of their sched-
uled surgery using a web-based randomizer (www.
randomizer.at) which allowed allocation concealment.
Patients were randomized (1:1) using simple randomi-
zation to the intervention sequence O,/Air—0,/CO,
or to O,/CO,—O,/Air. The allocation sequence was
generated electronically. The parameters to generate
the allocation sequence have been determined by the
biostatistician. The participants were enrolled by one of
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the investigators and were assigned to the intervention
sequence by the web-based randomizer.

Participant preparation for anesthesia and anesthesia
induction

Upon arrival in the operating theater, patients were
monitored by the study team with peripheral oxygen
saturation (SpO,) monitoring, electrocardiogram (ECG),
venous and arterial catheters, bispectral index (BIS),
and near-infrared spectroscopy (NIRS, Sensmart X-100,
Nonin Medical, Plymouth, MN, USA) for tissue oxygen
index (TOI) measurement. The NIRS and BIS sensors
were placed on the patient’s left and right foreheads,
respectively.

Patients were preoxygenated with 100% O, until an
expiratory fraction of oxygen of >90% was reached, after
which rapid sequence induction according to departmen-
tal guidelines was performed with intravenous fentanyl
2-3 pg/kg, propofol 2 mg/kg, and rocuronium 0.9 mg/kg.
The airway was secured by an endotracheal tube placed
with a C-MAC video laryngoscope (Storz, Tuttlingen,
Germany). General anesthesia was then maintained with
propofol 4—10 mg/kg/h, and BIS monitoring was used
to ensure a constant depth of anesthesia throughout the
study intervention (BIS target range 30-50).

Study intervention, definition of the time-points T0-T4

T0

An overview of the study intervention is given in Fig. 1.
After induction, patients were ventilated (Dréger Pri-
mus Infinity Empowered, Dréger, Liibeck, Germany) in
a volume-controlled mode with an inspiratory oxygen
fraction (FiO,) of 0.8. Tidal volume was set at 6-8 ml/
kg ideal body weight. At peak pressure above 35 cmH,O,
tidal volume was reduced so that this value was not
exceeded. Peak inspiratory pressure was 15-35 cmH,0,
and the respiratory rate was 10—18 breaths per minute
to obtain normocapnic end-tidal CO, (EtCO,) values of
4.5-5.5 kPa for > 2 min. This steady state was defined as
time-point 0 (T0), and baseline values and ventilator set-
tings were recorded. The ventilator setting established
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at TO was maintained for each patient throughout the
experiment.

TlandT2

Patients were then first connected either to O,/Air
(administered by a Dréiger Primus Infinity Empowered
ventilator, connected to the hospital’s O, and compressed
air wall supply) or to O,/CO, (administered by a Dréger
Evita Infinity V500 ventilator, connected to an O,/CO,
gas bottle, Linde Group, Dublin, Ireland).

Patients were ventilated for>10 min with O,/Air
or O,/CO,; the fraction of expired O, (FeO,) had to
reach > 80% and be stable for more than one minute. To
initiate apnea, the endotracheal tube was disconnected
from the ventilator. T1 was the initiation of the first
apnea phase. Ventilation was resumed when TOI had
dropped 20% from baseline (primary endpoint). The 20%
drop was defined as a relative drop from the baseline and
not an absolute 20% drop. This value was chosen accord-
ing to institutional standards and expert recommenda-
tions for carotid endarterectomy [16]. For safety reasons,
the apnea phase was terminated early if a SpO, of 80%
was reached (safety endpoint).

T2 was defined as the time point at the end of the first
apnea phase (when the primary or the safety endpoint
was reached). Ventilation was performed with the ven-
tilator settings used at TO to allow the patient to return
to its steady state for > 2 min. Then the crossover ventila-
tion was initiated for 10 min.

T3and T4
T3 corresponds to the beginning of the second apnea
phase, and T4 to the end of the second apnea phase.

End of study intervention and follow-up

After T4, upon reaching a steady state, the study inter-
vention was completed, and bariatric surgery was started.
To exclude study-related adverse (AE) or serious adverse
events (SAE), each patient was followed-up after 24 h. In
the case of an AE or SAE, the patient was followed-up
until the AE or SAE was resolved.

T0 T T2 T3 T4
Ventilation with O/Air Ventilation with
\ for 10 min \ 0,/CO, for 10 min N
— (95%0g) | Peecmeccemcenccnoces — (5% COp785% 0g) | Tr---rmmmrm=mmmmnns —
Determination of Ventilator 1 Reveptllatlon Ventilator 2 Revep'ﬂlatlon
(steady state) First apnea phase Ventilator 1 Second apnea phase Ventilator 1
ventilator settings (disconnected from | Settings from TO (disconnected from | Settings from TO
Ventilator 1 ventilator) (80% Oy, steady ventilator) (80% Oy, steady
(80% Op) Ventilation with state > 2min) Ventilation with state > 2min)
0,/CO, for10min | 7T Op/Airfor 10 min | ============mm=mmes
(5% CO, /95% Oj) (95% Op)
Ventilator 2 Ventilator 1

Fig. 1 Study intervention. This graphic displays the patient’s study intervention
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Outcomes

The primary outcome of this study was the length of the
apnea phase until TOI decreased by 20% from baseline
(assessed by NIRS). Differences between the start and
stop of apnea phases were measured for PaO2, PaCO2,
Sp0O2, and TOI (also if the primary endpoint could not be
reached), BIS values, heart rate, and mean arterial pres-
sure (MAP) were defined as secondary endpoints.

At all time points (TO to T4), blood gas samples were
obtained and measured using the ABL835 Flex blood
gas analyzer from Radiometer Medical (Copenhagen,
Denmark).

Sample size calculation

For the power calculation, data variability has been esti-
mated using data from Eichhorn et al. [17] on the pri-
mary outcome (length of the apnea phase in s until TOI
decreased by 20% from baseline). Assuming a within-
subject correlation of p=0.3, a standard deviation of
45.04 s was calculated [18]. We determined that a mean
difference of 30 s in the primary outcome would be clini-
cally relevant. Using the formula published by Senn [19],
a total of 28 patients would be needed to show an average
difference of 30 s between the two treatments. Assum-
ing a dropout rate of 5%, the target sample size of 30 was
determined.

Blinding

Patients were blinded to the intervention. The biostatisti-
cian was blinded for the analysis. The investigators were
not blinded.

Statistical analyses

Continuous data were summarized as median and inter-
quartile range (IQR), and categorical data were summa-
rized as numbers (n) and proportions of the total (%). As
specified in the study protocol, linear mixed-effects mod-
els were used to estimate the average effect of O,/CO,
adjusted for potential period effects while including the
patient ID as a random effect. Other models were addi-
tionally adjusted for baseline measurements or the pres-
ence of obstructive sleep apnea. As baseline correction
did not impact the study results, all data are presented
without baseline correction in the final analyses.

Linear mixed models with and without adjustment
for additional covariables, model diagnostics, as well as
visualization methods adhere to the recommendations
published by Senn [19]. Pearson correlation was used to
quantify the linear association between study outcomes
at T2 and T4. As presumed in the trial protocol, missing
data did not exceed 5% in any of the primary or second-
ary outcomes. While no imputation methods were con-
sidered, the models included all patients, even if missing

Page 4 of 9

values were present in one of the two intervention peri-
ods. All analyses were performed in the R programming
language (R Core Team, 2017) (R version 3.5.2 (2018-12-
20)). Linear mixed-effects models were fit using the Ime4
package [20], with p-values computed using the ImerTest
package [21].

Results

Between January 24 and October 26, 2018, 104 patients
scheduled for bariatric surgery at the University Hos-
pital Zurich were screened for eligibility, of which 30
were enrolled in the study. Seventeen patients were
randomized to receive O,/Air followed by O,/CO,, and
13 patients to receive O,/CO, followed by O,/Air. The
patient flow is depicted in Fig. 2.

Data collection and presentation

Two patients, one in the O,/Air—0,/CO, group and one
in the O,/CO,—O,/Air group, could not undergo the
second intervention due to bronchospasm during the
first re-ventilation phase. Two patients started to breathe
spontaneously during the apnea phase, and in one
patient, a blood sample was drawn not at the end of the
apnea phase but when re-ventilation had already started.

Patient characteristics and baseline parameters

Patient characteristics, including age, sex, BMI, as
well as comorbidities (arterial hypertension, diabetes,
NYHA class,) and laboratory parameters, were balanced
between the two randomization sequences, except for
the incidence of sleep apnea, which was higher in the O,/
Air—0,/CO, than in the O,/CO,—0,/Air sequence. All
patient characteristics are presented in Table 1.

At baseline (T0), TOI, BIS values, MAP, HR, SpO,,
EtCO,, respiratory rate, airway pressures, PaCO,, and
PaO, were comparable between the two randomization
sequences. At the same time, the O,/Air-first group had
a higher FiO, and minute ventilation than the O,/CO,—
O,/Air group. Detailed information regarding the neuro-
logical activity, vital parameters, and ventilator settings at
TO are provided in Table 2.

Primary and secondary outcomes
The primary outcome, time until TOI dropped by 20%,
was not a feasible target. The safety criterion for early
termination of the apnea—SpO, dropping to 80%—was
reached first in all patients (n=30). The primary out-
come, time until TOI dropped by 20%, could thus not
be measured. The time until SpO, dropped to 80% was
similar after ventilation with O,/CO, vs. O,/Air (+6 s;
95%CI: from -7 to 19; p =0.37; Fig. 3A).

At the end of the apnea phase (T2 and T4, respec-
tively), cerebral TOI was significantly higher after O,/
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[ Enroliment ]

Assessed for eligibility (n= 104)

Excluded (n= 74)
+ Not meeting inclusion criteria (n= 35)

v

+ Declined to participate (n= 30)
+ Other reasons (n=9)

| Randomized (n= 30) ‘

l

y | Allocation | Y

Allocated to O2-Air — 02-COz2 (n=17)

+ Received allocated intervention (n= 16)

+ Only received first intervention
(bronchospasm) (n= 1)

L

Follow-Up

Allocated to 02-COz2 — O2-Air (n= 13)
+ Received allocated intervention (n= 12)

+ Only received first intervention
(bronchospasm) (n= 1)

g

Lost to follow-up (n= 0)

L

Analysis Y

Lost to follow-up (n= 0)

J

Analyzed (n=17)

Analyzed (n= 13)

Fig. 2 CONSORT flowchart diagram. The adapted CONSORT flowchart diagram shows the patient flow in this cross-over trial

Table 1 Patient characteristics

0,/Air-0,/CO, 0,/CO, - O,/Air

n 17 13
Age (years) 41 [31,51] 43 [34,52]
Sex female 11 (65) 10 (77)
BMI (kg/mz) 45,0 [40.6,51.4] 42.61[40.8,47.1]
Arterial hypertension (n) 9(53) 6 (46)
Diabetes (n) 2(12) 2 (15)
Sleep apnea (n) 9 (53) 2(15)
NYHA class (n) 0 14 (82) 11 (84)

1 0(0) 1(8)

2 3(18) 1(8)
Hemoglobin (g/1) 143 [132,150] 138 [125, 145]
Creatinine (umol/l) 70 (59, 87] 68 [64, 84]

Data reported as absolute number (percentage) and median [Q1, Q3] for the two
intervention sequences O,/Air—0,/CO, and 0,/CO,—O,/Air

CO, compared to O,/Air, with a mean difference
of +1.5% (95%CL: from 0.3 to 2.6; p=0.02; Figs. 3B
and 4). Similarly, O,/CO, was also associated with a
higher PaO, (at T2 and T4, respectively, mean differ-
ence + 0.6 kPa; 95%CI: from 0.1 to 1.1; p=0.02; Fig. 3C)

Table 2 Baseline values and settings at TO

0,/Air - 0,/CO, 0,/C0, - 0,/Air

n 17 13

TOI (%) 82 (78, 84] 81179, 84]

BIS 38(29,42] 35[27,40]
MAP (mmHg) 69 (63, 78] 71[67,74]
Heart Rate (min~") 71 [66, 84] 80 [74,93]
SpO, (%) 98 (97, 98] 98 [96, 98]

FiO, (%) 84 (80,92] 80 (77, 80]
ETCO, (%) 4.8[4.6,5.0] 491[4.7,5.1]
Respiratory rate (min~") 14[13,16] 13[12,14]

MV (I/min) 7.1[6:4,8.0] 6.0[5.9,64]
PEEP (cmH,0) 8[7,8] 8(7,8]

PIP (cmH,0) 23[21,27] 22 [20, 23]
PaCo, (kPa) 5.15[5.06,5.72] 549 [5.04, 5.65]
PaO, (kPa) 2491[18.2,36.7] 25.7[24.1,27.6]

Data reported as median [Q1, Q3]. Data described in Table 2 were recorded
after reaching a steady state at time-point TO when ventilating patients with a
fraction of inspired oxygen (FiO,) of 80% before starting the wash-in of the first
study gas

Abbreviations: n numbers, TOI cerebral tissue oxygenation index (= regional
cerebral saturation of oxygen, SrO,), BIS bispectral index, MAP mean arterial
pressure, Sp0O, peripheral oxygen saturation, FiO, fraction of inspired oxygen,
ETCO, end-tidal carbon dioxide, MV minute volume, PEEP positive end-
expiratory pressure, PIP peak inspiratory pressure, PaCO, and PaO, partial
pressure of arterial CO, and O,
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Fig. 3 Values at the end of the apnea. The time until the peripheral oxygen saturation (SpO,) reached 80% (A), cerebral tissue oxygenation index
(TOI) (B), arterial oxygen pressure (PaO,) (C), and arterial carbon dioxide pressure (PaCO,) (D) at the end of the apnea phase are displayed. The time
until SpO2 reached 80% was similar after the two treatments, while TOI (p =0.02), PaO, (p=0.02), and PaCO, (p < 0.001) increased under O,/CO,

administration

and higher PaCO, at the end of the apnea phase (mean
difference 4 1.06 kPa; 95%CI: from 0.76 to 1.36; p <0.001;
Fig. 3D).

BIS, MAP, and HR were comparable after ventila-
tion with O,/CO, (vs. O,/Air) (BIS:+1%; 95%CI: from
-3 to 5, p=0.7; MAP: -3 mmHg MAP; 95%CI: from -9
to 3; p=0.3; HR: 4+ 1/min; 95%CI: from -1 to 4; p=0.3).
Details about the treatment effects on all primary and
secondary outcomes are reported in Table 3.

Additionally, the lowest TOI value for both inter-
ventions was defined in each subject, and the time to
reach it after apnea initiation was determined. The time
to the lowest TOI was similar for O,/CO, vs. O,/Air
(mean: 49 s; 95%CIL: from -2 to 20; p=0.1). Details are
available in the supporting information S1.

Adverse events

Two patients had bronchospasm after the first apnea
phase and were not subjected to a second apnea phase.
Two individuals complained of postoperative thoracic
pain and one of epigastric pain. Cardiac involvement
could be excluded by electrocardiogram and troponin T
measurement in all patients.

Discussion

This study assessed the effect of O,/CO, to improve
cerebral oxygenation and apnea tolerance in obese
patients under general anesthesia. While the primary
endpoint could not be reached due to safety reasons,
our results indicate improved cerebral TOI and a
higher PaO, after ventilation with O,/CO,. However,
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O,/Air — 0,/CO,

0,/CO, — O,/Air

90 1

60 -

T T T T T

TO T T2 T3 T4

T T T T T

TO T T2 T3 T4

Fig. 4 TOl-values at the different time points. The graph illustrates the brain tissue oxygenation (TOI) values in the sequence O,/Air—0,/CO, (A,

n=17) and the sequence O,/CO,—O,/Air (B, n=13)

Table 3 O,/CO, treatment effects on primary and secondary

outcomes

Outcome Treatment effect Confidence interval p-value
BIS 092 from -3.23 to 5.07 067

HR 142 from-0.93t0 3.73 0.25
MAP -3.17 from -9.24 t0 2.90 0.31
Pao, 0.60 from 0.12to0 1.09 0.02
PaCO, 1.06 from 0.76 to 1.36 <0.001
SpO, -0.01 from -0.49 t0 048 0.98
Time -5.94 from -18.73 t0 6.84 0.37
TOI 1.46 from 0.33 to 2.59 0.02

The table shows the treatment effects of 0,/CO, on primary, secondary, and
exploratory outcomes obtained by linear mixed-effects models without baseline
adjustments. Fixed effects are reported with 95%-confidence interval and
p-value

Abbreviations: BIS bispectral index, HR heart rate (per minute), MAP mean
arterial pressure (in mmHg), PaO2 arterial partial pressure of oxygen (in kPa),
PaCO?2 arterial partial pressure of carbon dioxide, SpO2 peripheral oxygen
saturation (in %), time time until the safety outcome was reached, TO! tissue
oxygenation index

the time until SpO, dropped to the safety threshold of
80%, as well as BIS, MAP, and HR values, were similar
after O,/Air and O,/CO, application. Ventilation with
0,/CO, did not affect the time to the lowest TOI meas-
ured compared to O,/Air.

The benefits of CO, on brain oxygenation and
functional outcomes, such as task performance, have
mainly been the subject of high-altitude or aviation

research. These outcome changes might result from
a right shift of the oxygen dissociation curve [22], a
reduction in pulmonary shunting [23], or an increase
in cardiac output [24] in response to a higher CO,
partial pressure. Most important, however, is prob-
ably cerebral tissue oxygenation, which is affected by
CO,-dependent vasodilation [25].

Obese patients represent a population particularly vul-
nerable to hypoxia as they have a reduced oxygen reserve
due to a lower FRC. Indeed, even after pre-oxygenation,
obese patients present with a clinically relevant desatu-
ration to 90% in less than three minutes, which is much
faster compared to non-obese patients [26, 27]. As these
patients have such a low tolerance for apnea, even a slight
advantage provided by CO, could benefit and help to
prevent neurological sequelae if scenarios such as “can-
not ventilate, cannot intubate” occur.

A strength of our study was the crossover study design,
which increases the precision of the treatment effect
measurement and minimizes confounding, as each
patient acts as their control.

Our study, however, has some limitations. The pri-
mary outcome, the length of the apnea phase until TOI
decreased by a relative 20% from baseline, could not
be reached due to safety reasons. Changing a primary
endpoint after the start of a clinical trial is only justifi-
able if the reasons for doing so are based on new infor-
mation unrelated to the study conducted, for example,
from another independent study [28]. Since this was not
the case, the primary endpoint could not be changed.
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Nevertheless, all data from clinical trials should be pub-
lished. Our data could lay the ground for studies with a
more accessible primary endpoint. Furthermore, the
crossover design of this proof-of-concept study allowed
for a smaller sample size in a single-center trial. A further
limitation of this study was that only patients and the
biostatistician were blinded, while the investigators were
not blinded.

For this study, we defined our primary endpoint as
a relative 20% cerebral TOI reduction from baseline.
A larger decrease has a negative predictive value in
carotid surgery [16]. Experimental studies in piglets
suggest that immediate damage is unavoidable if TOI
drops below 30-45%. Above this value, which has not
been established nor confirmed in humans, the onset
of injury appears to be time-dependent [29]. The ben-
efit of CO, could, therefore, be more significant at dif-
ferent thresholds or under more severe conditions of
hypoxia.

The safety abortion criterion was chosen so that
a clinically relevant level of hypoxia was reached
while ensuring the patient’s safety, based on previous
data. While data on anesthetized patients are scarce,
hypoxia studies in awake probands exposed to SaO,
levels 0of<80% for 15 min [29] and hypoxia to SaO,
levels of 50-70% for 10 to 30 min were well tolerated
and not associated with adverse outcomes in healthy
adults [30]. Data from healthy subjects cannot be
extrapolated to multimorbid patients, such as mor-
bidly obese patients. A recent systematic review in
sedated ICU patients suggests that low TOI is associ-
ated with a higher incidence of delirium in critically
ill patients [11]. The duration of low TOI is likely to
be important. Because the duration of measurement
has not been reported in many studies and TOI values
are variable [11]. a safety threshold has not yet been
established. A relative decrease in TOI of 20% from
baseline, established in patients diagnosed with cer-
ebrovascular disease and undergoing carotid endar-
terectomy, was proposed as the primary endpoint of
this study [16]. Because the authors decided to resume
ventilation immediately after the primary endpoint or
safety endpoint was met, and because patients with a
cerebrovascular disease were excluded from study par-
ticipation, it is unlikely that patients were exposed to
excessive health risk.

Conclusions

0,/CO, improves cerebral TOI and PaO, in anesthe-
tized bariatric patients. Better apnea tolerance could
not be confirmed.
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The online version contains supplementary material available at https://doi.
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Additional file 1: Supplemental information S1. shows the time
difference to reach the lowest tissueoxygenation index (TOI = regional
oxygen saturation, SrO,) value inboth treatment arms. Time of the O,/

Air treatment has beensubtracted from the corresponding apnea time
after O,/CO,treatment. Positive values indicate a longer apnea time to
reach the lowest TOlvalue after O,/CO,treatment, negative values indicate
ashorter apnea time apnea (A). In the subsequent figures, the course of TOI
during apnea after O,/Air and after application of O,/CO,is depicted for
all individuals (B). The red lines indicate O,/Airtreatment, turquoise lines
indicate O,/CO, treatment, thefirst intervention is shown in solid, the
second intervention in dashed lines.The blue line indicates the lowest TOI
value, that was measured in bothtreatment groups.
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