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Abstract

Background and Objectives: Elevated endotracheal tube (ETT) cuff pressure impairs tra-
cheal mucosal perfusion and may contribute to upper airway soft-tissue changes. During
cardiopulmonary bypass (CPB), the cuff usually remains inflated although ventilation is
suspended, yet the relevance of cuff pressure management during CPB is unclear. We com-
pared two ETT cuff pressure strategies during CPB (0 vs. 20-30 cmH,O) on point-of-care
ultrasound (POCUS) measurements of upper airway soft tissue in patients undergoing coro-
nary artery bypass grafting (CABG). Materials and Methods: In this single-center, prospective,
randomized, observer-blinded trial, 76 patients (ASA III-1V, aged 18-80 years) undergoing
elective CABG were randomized 1:1 to a 0 cmH,O or 20-30 cmH,O ETT cuff pressure
strategy throughout CPB (n = 38 per group). Transesophageal echocardiography (TEE)
was not used in any patient. POCUS measurements of lateral pharyngeal wall (LPW)
thickness, tongue thickness, parapharyngeal distance, midsagittal tongue area, and tongue
width were obtained at four time points (TO-T3). The primary analysis was the omnibus
group X time interaction for LPW thickness in a generalized estimating equations (GEE)
model; the between-group difference in change from TO to T2 was a planned supporting
contrast. Results: All 76 randomized patients completed the study and were analyzed. The
group x time interaction for LPW thickness was significant (p < 0.001); the between-group
difference in the increase in LPW thickness from TO to T2 was 1.50 mm (95% CI 1.27 to
1.73), and 1.00 mm (95% CI 0.82 to 1.18) at postoperative hour 2. Parapharyngeal distance
and tongue thickness showed the same pattern. No multiplicity-adjusted between-group
difference in LPW thickness was detected at TO or T1, and a sensitivity analysis using the
pre-intervention time point (T1) as baseline gave consistent results (T2 vs. T1: 1.43 mm,
95% CI 1.30 to 1.57). In an exploratory, unadjusted secondary analysis, difficult extubation
occurred in 0/38 vs. 7/38 patients (absolute risk difference 18.4 percentage points, 95% CI
5.4 to 33.4; p = 0.012). Conclusions: Complete cuff deflation during CPB was associated with
smaller ultrasonographic upper airway soft-tissue changes after CPB. The trial was not
powered for clinical outcomes; the lower frequency of difficult extubation is hypothesis-
generating, and these data do not support a change in routine practice before confirmation
in trials with patient-centered endpoints.

Keywords: cardiopulmonary bypass; endotracheal tube cuff pressure; upper airway soft
tissue; point-of-care ultrasonography; coronary artery bypass grafting; difficult extubation

Medicina 2026, 62, 1829

https://doi.org/10.3390/medicina62101829


https://crossmark.crossref.org/dialog?doi=10.3390/medicina62101829&domain=pdf&date_stamp=2026-09-22
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/medicina
https://www.mdpi.com
https://orcid.org/0000-0002-3011-3968
https://orcid.org/0000-0003-2292-9403
https://orcid.org/0000-0003-4902-4428
https://orcid.org/0000-0002-7529-2971
https://orcid.org/0009-0009-6818-2908
https://doi.org/10.3390/medicina62101829

Medicina 2026, 62, 1829

20f19

1. Introduction

The endotracheal tube (ETT) cuff, when inflated, exerts continuous mechanical pres-
sure on the tracheal mucosa, potentially impairing capillary perfusion and predisposing
to ischemic injury and local edema. Elevated cuff pressures (>25-30 cmH,O) have been
associated with tracheal and laryngopharyngeal mucosal congestion and may contribute
to upper airway edema [1-3]. In cardiac surgery, postoperative pulmonary dysfunction,
upper airway edema, difficult extubation, and post-extubation stridor remain clinically
significant complications [4,5].

During coronary artery bypass grafting (CABG), cardiopulmonary bypass (CPB) is
characterized by non-pulsatile perfusion, hypothermia, and a pronounced inflammatory
response that increases capillary permeability and interstitial fluid accumulation [6]. Me-
chanical ventilation is suspended during CPB, yet the ETT cuff usually remains inflated, so
mechanical compression of the tracheal mucosa continues throughout bypass [2,7]. In this
setting, persistent cuff pressure may further impair local venous and lymphatic drainage
and contribute to upper airway edema [6].

Because gas exchange is maintained by the extracorporeal circuit, temporary cuff
deflation during CPB is feasible without affecting oxygenation. Nevertheless, evidence on
cuff pressure management during CPB remains limited, and randomized controlled data
are scarce [7-9].

Point-of-care ultrasonography (POCUS) is a non-invasive, reproducible modality for
assessing upper airway anatomy [10-13]. Lateral pharyngeal wall (LPW) thickness, tongue
thickness, and parapharyngeal distance are ultrasonographic parameters that have been
associated with post-extubation airway edema and difficult extubation [5,14,15]. These
ultrasonographic parameters describe anatomical dimensions; they do not directly measure
tissue water content and cannot by themselves establish the presence of edema.

Few randomized studies have examined cuff pressure management during CPB us-
ing ultrasonographic measurements of upper airway soft tissue. We therefore compared
maintaining ETT cuff pressure at 0 cmH,0O versus 20-30 cmH,O during CPB in patients
undergoing CABG. The primary outcome was the ultrasonographic change in LPW thick-
ness; secondary outcomes included time-dependent changes in other ultrasonographic
parameters and postoperative respiratory outcomes, most notably difficult extubation. We
hypothesized that a 20-30 cmH,O strategy would be associated with more pronounced
ultrasonographic upper airway soft-tissue changes and potentially more frequent difficult
extubation than a 0 cmH,O strategy.

2. Materials and Methods
2.1. Study Design and Setting

This single-center, prospective, randomized, controlled clinical trial with blinding
of participants and outcome assessors (registered as double-blind) was conducted at a
tertiary-care cardiac surgery center. Patient recruitment commenced on 24 September
2025 and was completed on 19 April 2026. Patients and the public were not involved
in the design, conduct, or reporting of the study. The study was reported in accordance
with the CONSORT 2025 guidelines [16]. Ethical approval was obtained from the Kocaeli
University Clinical Research Ethics Committee (approval no. KAEK/11.bL09; date of
approval 12 June 2025), and the trial was prospectively registered at ClinicalTrials.gov
(NCT07148024; registered 21 August 2025) before enrollment of the first participant. Written
informed consent was obtained from all participants, and the study was conducted in
accordance with the principles of the Declaration of Helsinki. No changes were made to
the primary or secondary outcomes after trial registration.
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2.2. Primary Outcome

The primary outcome was the ultrasonographic change in lateral pharyngeal wall
(LPW) thickness across the four predefined time points (T0-T3). The primary hypothesis,
corresponding to the registered primary outcome, was that the trajectory of LPW thickness
over TO-T3 differs between cuff pressure strategies. Accordingly, the primary statistical test
was the omnibus group x time interaction in the generalized estimating equations (GEE)
model. The trial registration (ClinicalTrials.gov NCT07148024; Supplementary Material
Table S7) defines the primary outcome as the change in LPW thickness across these four
time points but does not specify the statistical model. The T2 interaction coefficient, i.e.,
the between-group difference in change from TO to T2 with its 95% confidence interval, is
reported as a planned supporting contrast to aid clinical interpretation; it is not the same
estimand as the omnibus test. Between-group comparisons at the other time points and
comparisons of T2-T0 change scores (Section 3.1) are supporting analyses.

2.3. Secondary Outcomes

Secondary outcomes were defined to evaluate the broader effects of different ETT
cuff pressure management strategies during cardiopulmonary bypass on upper airway
structures. Time-dependent ultrasonographic changes in parapharyngeal distance, tongue
thickness, tongue width, and midsagittal tongue cross-sectional area were analyzed. In
addition, the frequencies of postoperative respiratory events, including difficult extubation,
stridor, oxygen desaturation, and reintubation requirement, were compared between the
two groups. Difficult extubation was defined a priori, as a study-specific operational
definition, as the need for airway-support maneuvers (jaw-thrust and/or insertion of an
oral or nasopharyngeal airway) immediately after extubation because of inadequate upper
airway patency; this definition is intended to capture early upper airway obstruction and
is not equivalent to established definitions of extubation failure. Stridor was defined as
a high-pitched inspiratory sound accompanied by increased respiratory effort following
extubation. Oxygen desaturation was defined as SpO, < 90% despite supplemental oxygen
at 5 L/min via face mask. Stridor, desaturation, and reintubation were recorded by the
intensive care team from extubation until discharge from the intensive care unit. Clinical
secondary outcomes were not adjusted for multiplicity and are regarded as exploratory.

2.4. Participants

Patients aged 18-80 years with American Society of Anesthesiologists (ASA) phys-
ical status III-IV, a body mass index (BMI) < 35 kg/ m?, and scheduled for elective
CABG surgery were eligible for inclusion. Exclusion criteria comprised a history of diffi-
cult intubation [17,18], anatomical upper airway abnormalities, acute upper respiratory
tract infection, high risk of obstructive sleep apnea (STOP-Bang score > 3) [19], left ven-
tricular ejection fraction < 30%, chronic kidney disease (estimated glomerular filtration
rate < 30 mL/min/1.73 m?), and emergency surgery.

Patients with a BMI > 35 kg/m? were excluded because submental and lateral-neck
ultrasound windows deteriorate with increasing neck adiposity and because obesity in-
dependently alters pharyngeal soft-tissue dimensions, which would have introduced a
confounder unrelated to cuff pressure. Emergency procedures were excluded because
the standardized anesthetic, cuff-management, and four-time-point ultrasound protocol
could not be guaranteed in these settings. These criteria yield a selected population
(see Limitations).
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2.5. Randomization and Blinding

Patients were randomly assigned in a 1:1 ratio using a computer-generated random-
ization sequence (random.org). The allocation sequence was generated by an independent
anesthesiologist who was not involved in patient care and was concealed in sealed opaque
envelopes. Group allocation was disclosed only to the anesthesia team responsible for
implementing the cuff pressure intervention. The investigator performing ultrasonographic
measurements and the statistical analysis team remained blinded to group assignment.
Owing to the nature of the intervention, the surgical and intraoperative anesthesia teams
could not be blinded.

2.6. Anesthesia Protocol

All patients underwent a standardized anesthetic induction consisting of propofol
(1-2 mg/kg), fentanyl (2-5 ng/kg), and rocuronium (0.6 mg/kg). Drug dosages were
titrated according to clinical response to maintain hemodynamic stability. Anesthesia
was maintained with sevoflurane (0.7-1 minimum alveolar concentration [MAC]) and
remifentanil infusion. Volume-controlled mechanical ventilation was applied using a tidal
volume of 6-8 mL/kg ideal body weight and a positive end-expiratory pressure (PEEP) of
5 cmH,0. During cardiopulmonary bypass, mild hypothermia (34 °C) was targeted, and
antegrade blood cardioplegia was used.

All patients were intubated with the same single-use polyvinyl chloride oral/nasal
cuffed endotracheal tube with a high-volume, low-pressure cuff (Chilecom; Ar-Es Tibbi,
Tiirkiye). The internal diameter was 8.0 mm in men and 7.5 mm in women. Intubation
was performed by direct laryngoscopy with a Macintosh blade; all patients were intubated
on the first attempt, and no traumatic intubation (blood on the tube or blade, visible
mucosal injury) was documented. Cuff pressure was set to 20-30 cmH,O immediately after
intubation in all patients. Cormack-Lehane grade and initial cuff inflation volume were not
recorded. Cardiopulmonary bypass was conducted according to a uniform institutional
protocol with mild hypothermia (34 °C): the circuit was primed with 1000 mL of balanced
crystalloid (Isolyte S, pH 7.4) and 200 mL of 20% mannitol (total prime volume 1200 mL),
non-pulsatile pump flow was targeted at 2.4 L/min/m? body surface area, and mean
arterial pressure was maintained at 60-80 mmHg. Nadir hematocrit, transfusion volume,
ultrafiltration volume, and central venous pressure during CPB were not recorded at
the patient level, whereas vasoactive drug use was recorded. In the intensive care unit,
both groups received the same fast-track protocol: propofol sedation until rewarming,
fentanyl analgesia, sugammadex reversal of rocuronium, core temperature > 36 °C before
extubation, and a 30° head-up position (extubation criteria and timing are described below).
Cumulative opioid and sedative doses, the exact train-of-four ratio and body temperature
at extubation, and the exact interval from ICU admission to extubation were not recorded.

Transesophageal echocardiography (TEE) was not utilized in any patient to eliminate
potential confounding effects related to TEE probe-induced pharyngeal compression and
alterations in ETT cuff pressure [20]. As mechanical ventilation was routinely suspended
during CPB, gas exchange was maintained entirely through the bypass circuit oxygenator
during this period. Consequently, temporary deflation of the ETT cuff in the 0 cmH,O
group did not create an additional ventilation leak problem. To minimize aspiration risk,
an orogastric tube was inserted in all patients before CPB [9]. At the end of CPB, before the
resumption of mechanical ventilation, cuff pressure was adjusted to 20-30 cmH,O using
a cuff manometer in both groups. Patients were extubated according to the institutional
intensive care unit protocol once extubation criteria were met, including a train-of-four
(TOF) ratio >0.9, adequate spontaneous respiratory effort, and hemodynamic stability. Ex-
tubation was performed in the intensive care unit at approximately the sixth postoperative
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hour by the intensive care team, who were not involved in the intraoperative cuff pressure
intervention and remained blinded to group allocation. Difficult extubation was recorded
by this team according to the predefined criteria specified under Secondary Outcomes.

2.7. Intervention Protocol

Baseline ultrasonographic measurements (T() were obtained before induction of anes-
thesia, and the T; assessment was performed after tracheal intubation while cuff pressure
was standardized to 20-30 cmH,O in both groups, before the initiation of cardiopulmonary
bypass. At the start of CPB, once mechanical ventilation was suspended and gas exchange
was maintained through the extracorporeal circuit, the ETT cuff in the 0 cmH,O group was
completely deflated using a cuff manometer, resulting in a cuff pressure of 0 cmH,O [8],
whereas in the 20-30 cmH,O group the cuff pressure was maintained between 20 and
30 cmH,O and monitored every 5 min using a cuff manometer, with all measurements
recorded [7,8]. The assigned cuff pressure strategy was applied throughout the entire CPB
period. At the conclusion of CPB, before the resumption of mechanical ventilation, cuff
pressure was standardized to 20-30 cmH,O in both groups.

In both groups, cuff pressure was measured with the cuff manometer every 5 min
throughout CPB: in the 20-30 cmH,O group it was adjusted to the target range whenever
necessary, and in the 0 cmH,O group the reading confirmed that the cuff remained fully
deflated. To minimize the risk of aspiration during cuff deflation, an orogastric tube was
placed after induction while the cuff was inflated, the oropharynx was suctioned imme-
diately before cuff deflation, and repeat oropharyngeal suctioning was performed before
the cuff was re-inflated at the end of CPB. Patients were supine with the head in a neutral
position. Continuous gastric decompression and tracheal suctioning before resumption of
mechanical ventilation were not part of the protocol, and silent microaspiration was not
assessed objectively.

Ultrasonographic Assessment

All ultrasonographic examinations were performed by a certified anesthesiologist with
experience in more than 150 airway ultrasonography examinations who remained blinded
to group allocation. A 7-15 MHz linear probe and a 5-8 MHz convex probe (LOGIQ P9,
GE Healthcare, Chicago, IL, USA) were used. Measurements were obtained according to
previously validated methodologies [14,15,21].

Lateral pharyngeal wall (LPW) thickness and parapharyngeal distance were assessed
using a linear transducer positioned over the cervical region and directed toward the
external acoustic meatus. After identification of the internal carotid artery (ICA) with color
Doppler imaging, the lateral pharyngeal wall was visualized as a hyperechoic line. LPW
thickness was defined as the perpendicular distance between the ICA and the pharyngeal
mucosal surface, whereas parapharyngeal distance was measured as the perpendicular
distance between the lateral border of the ICA and the skin surface.

Tongue-related measurements were obtained using a convex transducer placed in the
submental region. Tongue width was measured in the transverse plane as the distance
between the lateral margins of the tongue. For tongue thickness and midsagittal tongue
cross-sectional area, the transducer was positioned in the midsagittal plane while patients
remained in the supine position with the mouth closed. Tongue thickness was defined
as the maximum vertical distance between the dorsal tongue surface and the submental
skin. The midsagittal tongue cross-sectional area was determined by manually tracing the
tongue contour on a frozen image, after which the area was calculated using the ultrasound
system’s automated measurement software.
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At each time point, every parameter was measured three times and the mean value was
used for analysis. All measurements were obtained at end-expiration using standardized
ultrasound settings and were recorded at four predefined time points: Ty (before induction),
T; (after intubation, before CPB and before cuff deflation in the 0 cmH,O group), T, (end of
CPB, obtained immediately before cuff re-inflation to 20-30 cmH,O in the 0 cmH,O group
and before resumption of mechanical ventilation), and T3 (postoperative hour 2).

Only the mean of the three measurements was recorded; the individual triplicate
values were not retained, so intra-observer reproducibility could not be quantified retro-
spectively (see Limitations).

2.8. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics for Windows,
Version 27.0 (IBM Corp., Armonk, NY, USA). Descriptive statistics were presented as
mean =+ standard deviation, median (interquartile range [Q1-Q3]), or frequency (%), as
appropriate. Data distribution was assessed using the Kolmogorov-Smirnov test.

Normally distributed independent continuous variables were analyzed using the
independent-samples t-test and reported as mean =+ standard deviation. Non-normally
distributed continuous variables were analyzed using the Mann-Whitney U test and
presented as median (Q1-Q3). Categorical variables were analyzed using Pearson’s chi-
square test with Yates’ continuity correction or Fisher’s exact test, as appropriate. A
two-sided p-value < 0.05 was considered statistically significant.

Repeated-measures data, including LPW thickness, tongue thickness, parapharyngeal
distance, tongue width, and midsagittal tongue cross-sectional area, were analyzed using
linear generalized estimating equations (GEE; normal distribution, identity link) with
the patient as the cluster, fixed effects for group, time (T0-T3), and their interaction, an
exchangeable working correlation matrix, and robust (Huber—White sandwich) standard
errors. The exchangeable structure was chosen because the four measurements are not
equally spaced in time. Estimated marginal means with 95% Cls, between-group differences
at each time point, and the group x time interaction coefficients (3, 95% CI) are reported
(Section 3.1 and Supplementary Tables S1 and S2). As sensitivity analyses, the models were
re-fitted with first-order autoregressive, unstructured, and independence working correla-
tion structures (Supplementary Table S3). Residuals were inspected graphically and with
the Shapiro-Wilk test; inference relies on robust sandwich standard errors, which reduce
reliance on correct specification of the working covariance structure and provide asymptot-
ically robust inference. As a further sensitivity analysis, the models were re-fitted using the
pre-intervention time point (T1) as baseline (T1-T3; Supplementary Table S6). Within-group
changes between consecutive and baseline-referenced time points were examined with
the Wilcoxon signed-rank test (Supplementary Table S7; supporting analyses). As further
sensitivity analyses, the GEE models were re-fitted with Mallampati class x time or CPB du-
ration x time added (Supplementary Table S8); post hoc, a group x CPB duration x time
interaction and Spearman correlations between A(T2-T0) and CPB duration were examined
(Supplementary Table S9; exploratory).

Multiplicity. The primary analysis is a single test (LPW group X time interaction)
and was not adjusted. Within each ultrasonographic parameter, Bonferroni correction
was applied to the pairwise contrasts of estimated marginal means for the group x time
combinations, as implemented in the SPSS GEE estimated-marginal-means procedure,
separately for each parameter’s model; no correction was applied across the five parameters
in the original analysis; in the revised analysis, the four secondary omnibus group x time
tests were additionally adjusted across parameters with the Holm procedure, the LPW
omnibus test being the single confirmatory primary test, and time-point comparisons are
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regarded as supporting/exploratory. Secondary clinical outcomes were not adjusted for
multiplicity and are exploratory.

Change scores (T2-T0) were compared with Welch’s t-test (difference in means with
95% CI) when normally distributed and with the Mann-Whitney U test when not; in the
latter case, the between-group difference is reported as the Hodges-Lehmann estimate
of the median difference with its distribution-free 95% CI. Absolute risk differences for
binary outcomes are reported with Newcombe hybrid-score 95% Cls. Baseline balance is
described with standardized mean differences (SMD; post hoc) rather than significance
tests, with ISMD| > 0.1 taken to indicate imbalance. Analyses not planned in advance
(absolute risk difference, SMDs, GEE sensitivity analyses, and the Mallampati distribution
of difficult-extubation events, the Mallampati- and CPB-duration-adjusted GEE models, the
Mallampati-stratified comparison of difficult extubation, and the CPB-duration interaction
analyses) are labelled post hoc. Outcomes and analyses in relation to the registration
(NCTO07148024): the registration lists change in LPW thickness at TO-T3 as the primary
outcome and tongue width, tongue thickness (entered under the heading “tongue volume”)
and the fluid—ultrasound correlation as secondary outcomes; it does not specify the statisti-
cal model. The registration text refers to “five time points” but lists the four time points
(TO-T3) used in this study. Parapharyngeal distance, midsagittal tongue area and the clini-
cal outcomes (difficult extubation, stridor, oxygen desaturation, reintubation), as well as
the exclusion criteria for high obstructive sleep apnea risk, low ejection fraction and chronic
kidney disease, were planned before enrolment (ethics committee submission) but are not
listed in the registration; the clinical outcomes are regarded as exploratory. Cuff pressures
are given in the registration in mmHg; the manometer used reads in cmH,0, and emH,O is
used throughout this article. The registered exploratory correlation between intraoperative
fluid volume and ultrasonographic parameters was not analyzed (see Limitations).

All randomized participants completed follow-up and were included in the final
analysis. No missing ultrasonographic measurements occurred during the study. Because
there were no missing data, the intention-to-treat and per-protocol populations were
identical, and all randomized patients were included in the analysis.

2.9. Sample Size Calculation

Sample size estimation was performed using G*Power software version 3.1.9.7. Cal-
culations were based on the lateral pharyngeal wall thickness before and after surgery
reported in the reference study [14] (13.85 % 4.41 mm before and 15.49 + 5.65 mm after
surgery, n = 89). Cohen’s d was calculated as the difference of means (1.64 mm) divided by
the pooled standard deviation (5.07 mm), giving d ~ 0.32. For a two-group design, f =d/2,
giving f ~ 0.16, which was entered into G*Power. The G*Power “ANOVA: repeated mea-
sures, within—-between interaction” routine was used with two groups, four measurements,
a two-sided « of 0.05, and 90% power (1 — ). The correlation among repeated measures
(0.5) and the nonsphericity correction (e = 1.0) were pragmatic planning assumptions (the
G*Power defaults), chosen because no pilot data on the four-time-point correlation structure
were available; ¢ = 1.0 assumes sphericity and is therefore not conservative. The observed
mean pairwise correlation among the four LPW measurements in the present data was
0.66 (range 0.36-0.96), higher than the assumed 0.5, which favors power for within-subject
effects. A further limitation is that d was derived from the pre-/post-operative change
in a single cohort and does not directly represent a between-group difference in change
over time; the design analyzed (within-between interaction) nevertheless corresponds to
the primary GEE group x time interaction test. A total sample size of 68 patients (34 per
group) was required; to account for an anticipated dropout rate of approximately 10%, the
final target sample size was increased to 76 participants.
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3. Results
3.1. Participant Flow and Baseline Characteristics

Between 24 September 2025 and 19 April 2026, a total of 81 patients were assessed for
eligibility. Three patients were excluded because they met the exclusion criteria, and two patients
declined participation before randomization. The remaining 76 patients were randomized and
allocated to either the 0 cmH,O group (n = 38) or the 20-30 cmH,O group (n = 38) (Figure 1).

All randomized patients were included in the analysis (intention-to-treat population).

‘ Enrollment l

Assessed for eligibility (n = 81)

Excluded (n = 5)
¢ Met exclusion criteria (n = 3)

v

Randomized (n = 76)

* Declined participation
(n=2)

v

v

Allocated to 0 cmH,0 group (n = 38)
Received allocated intervention (n = 38)

v

v

)
Allocation Allocated to 20-30 cmH,0 group (n = 38)

Received allocated intervention (n = 38)

Lost to follow-up (n = 0)
Discontinued intervention (n = 0)

A 4

)
Follow-Up

A 4

Lost to follow-up (n = 0)
Discontinued intervention (n = 0)

Analyzed (n = 38)
Excluded from analysis (n = 0)

v

)
Analysis

Analyzed (n = 38)

Excluded from analysis (n = 0)

Figure 1. CONSORT flow diagram of patient enrollment and follow-up.

Baseline demographic and clinical characteristics are presented in Table 1 together
with standardized mean differences (SMD; Supplementary Table S4). Age, BMI, ASA
physical status, ejection fraction, diabetes mellitus, and hypertension were similar between
groups (ISMDI < 0.1). Male sex (SMD 0.27) and, in particular, Mallampati class were
imbalanced despite randomization: Mallampati class I was present in 23.7% vs. 5.3% of
patients (SMD 0.54) and class II in 42.1% vs. 60.5% (SMD —0.37) in the 0 and 20-30 cmH,0O
groups, respectively. Because ETT size was assigned by sex, 7.5 mm tubes were slightly
more frequent in the 20-30 cmH,O group (19/38 vs. 14/38).

Perioperative data are summarized in Table 2. Adherence to the cuff-pressure protocol:
in the 20-30 cmH,O group, the recorded cuff pressure during CPB was 24.7 £ 3.3 cmH,0
(range 20-30), no reading outside the target range was recorded, and the number of adjust-
ments per patient was not documented; in the 0 cmH,O group, all 5 min checks confirmed
a fully deflated cuff (Supplementary Table S5). Vasoactive support was required in 12/38
(31.6%) vs. 22/38 (57.9%) patients (p = 0.037). In the exploratory, unadjusted analysis of
clinical secondary outcomes, difficult extubation occurred in 0/38 patients in the 0 cmH,O
group and 7/38 (18.4%) in the 20-30 cmH,O group (absolute risk difference 18.4 percentage
points, 95% CI 5.4 to 33.4; Fisher’s exact p = 0.012; a relative risk is not estimable because
no events occurred in the 0 cmH,O group). All seven events were managed with jaw
thrust and/or an airway adjunct; one of the seven subsequently developed stridor with
SpO; < 92% despite face-mask oxygen at 5 L/min approximately 4 h after extubation and
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was re-intubated within 5 min; the other six did not develop stridor. One patient in the
0 cmH,O group, who had not had difficult extubation, was re-intubated for the same reason
(stridor with SpO, < 92% despite oxygen) approximately 4 h after extubation (re-intubation
1/38 vs. 1/38). Neither re-intubated patient reached the pre-defined desaturation threshold
(SpOz < 90%) before re-intubation. Post-extubation stridor occurred in 1/38 vs. 5/38 pa-
tients (p = 0.200) and oxygen desaturation in 2/38 vs. 5/38 (p = 0.430). Oxygen desaturation
occurred in three of the seven patients. The need for bag-mask ventilation, non-invasive
ventilation and the duration of airway-support maneuvers were not recorded. The seven
patients were of Mallampati class I (n = 2), I (n = 3), Il (n = 1), and IV (n = 1) (post hoc). In
a post hoc analysis stratified by Mallampati class (I vs. II-1V), the between-group differ-
ence persisted (Cochran-Mantel-Haenszel x? = 10.5, p = 0.001; Supplementary Table S8).
Because the trial was powered for an ultrasonographic endpoint and only seven events
occurred, this observation is hypothesis-generating. No significant between-group differ-
ences were observed in heart rate, mean arterial pressure, SpO,, EtCO,, airway pressures,
fluid balance, operative duration, CPB duration, or aortic cross-clamp time (all p > 0.05).

Table 1. Baseline demographic and clinical characteristics.

Characteristic Group 0 cmHO  Group 20-30 cmH,O  SMD
Age (years), median (Q1-Q3) 65 (58.8-71.3) 67 (60-71) —-0.07
BMI (kg/m?), mean + SD 26.7 £2.6 26.8 +24 —0.05
Sex, n (%)
Male 24 (63.2) 19 (50.0) 0.27
Female 14 (36.8) 19 (50.0) —-0.27
ASA classification, n (%)
ASATII 30 (78.9) 31 (81.6) —0.07
ASA TV 8 (21.1) 7 (18.4) 0.07
Mallampati score, n (%)
Mallampati I 9 (23.7) 2 (5.3) 0.54
Mallampati II 16 (42.1) 23 (60.5) —-0.37
Mallampati III 10 (26.3) 11 (28.9) —0.06
Mallampati IV 3(7.9) 2 (5.3) 0.11
Ejection fraction (%), mean + SD 472 +6.8 469 +7.1 —0.04
Diabetes mellitus, n (%) 26 (68.4) 25 (65.8) —0.06
Hypertension, n (%) 32 (84.2) 31 (81.6) —0.07

Data are presented as number (%), mean =+ standard deviation (SD), or median (Q1-Q3), as indi-
cated for each row. SMD, standardized mean difference (post hoc; 0 cmH;O minus 20-30 cmH,0);
ISMD | > 0.1 indicates imbalance. ASA, American Society of Anesthesiologists; BMI, body mass
index. Endotracheal tube internal diameter was 8.0 mm in men and 7.5 mm in women (8.0 mm: 24
[63.2%] vs. 19 [50.0%]; 7.5 mm: 14 [36.8%] vs. 19 [50.0%]).

Ultrasonographic measurements obtained at each time point are presented in Table 3
(descriptive values and supporting time-point comparisons); the primary omnibus test is
reported in Table 4. Estimated marginal means with 95% Cls and between-group differences
at each time point are given in Supplementary Table S1.

At T, before the initiation of CPB and before cuff deflation in the 0 cmH,O group, no
significant between-group differences were observed in any ultrasonographic parameter,
including LPW thickness (11.2 £ 0.4 mm vs. 11.3 & 0.5 mm; p = 1.000) and parapharyn-
geal distance (15.4 + 0.9 mm vs. 15.3 £ 1.0 mm; p = 1.000), i.e., in multiplicity-adjusted
cross-sectional comparisons these parameters did not differ between groups before the
intervention. In these cross-sectional comparisons, between-group differences appeared
after the CPB period (for interaction coefficients, including the small pre-intervention T1
interactions for the secondary parameters, see Supplementary Tables S2 and S6). At the end
of CPB (T3), LPW thickness was significantly higher in the 20-30 cmH,O group than in the
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0 cmH,0 group (13.8 £ 0.7 mm vs. 12.2 & 0.5 mm; p < 0.001), as was parapharyngeal dis-
tance (18.0 = 1.3 mm vs. 16.2 & 1.0 mm; p < 0.001). Tongue thickness differed significantly
between the groups only at the T, time point (58.2 & 1.4 mm vs. 56.9 & 1.7 mm; p = 0.003).

Table 2. Intraoperative and perioperative clinical variables according to cuff pressure strategy.

Parameter Group 0 cmH,0 Group 20-30 cmH,0 p-Value

Fluid balance and perioperative
fluid variables

Total fluid intake (mL) 4087.6 + 409.0 4095.5 + 470.0 0.938 ¢
CPB diuresis (mL) 501.3 +172.6 539.5 + 189.9 0.362'¢
CPB fluid balance (mL) 2035 (1540-2100) 1935 (1515-2100) 0.722™
Blood loss (mL) 800 (672.5-902.5) 840 (630-922.5) 0913 ™
Hemodynamic variables
MAP before intubation (mmHg) 88.9 £10.1 88.5£9.5 0.879 ¢t
HR before intubation (bpm) 79.2 +£10.2 784 £ 11.7 0.731¢
MAP after intubation (mmHg) 82.2 +10.7 81+ 10 0.618¢
HR after intubation (bpm) 78.8 +10.6 775+ 134 0.656
MAP at CPB separation (mmHg) 719 £ 6.6 716 £9.7 0.879 ¢
HR at CPB separation (bpm) 85.8 +10.6 84.6 +13.8 0.689 ¢
Respiratory and airway-related
variables
Peak pressure (cmH;O) 21 (19-22) 21 (20-22.3) 0.357 ™
Plateau pressure (cmH;0) 16 (15-18.3) 16 (14.8-19) 0.851™
SpO; before intubation (%) 97 (97-98.3) 98 (97-98.3) 0241 ™
SpO; after intubation (%) 98 (98-99) 98 (98-99) 0.825™
EtCO; after intubation (mmHg) 35 (32-37) 34 (32-35.3) 0.178 ™
SpO; at CPB separation (%) 97 (96-98) 96 (95-98) 0.274™
EtCO, at CPB separation (mmHg) 35 (34-37.5) 35.5 (33-39.3) 0474 ™
Difficult extubation 0(0) 7 (18.4) 0.012 %
Stridor 1(2.6) 5(13.2) 0.200 #
Oxygen desaturation 2 (5.3) 5(13.2) 0.430 =
Re-intubation 1(2.6) 1(2.6) 1.000 #
Vasoactive support 12 (31.6) 22 (57.9) 0.037 #
Cuff pressure during CPB (cmH,0) 0 (deflated) 24.7 + 3.3 (20-30) —
Procedural variables
Operation duration (min) 212 (196.5-244.8) 203.5 (189.5-232.3) 0237 ™
CPB duration (min) 98 (93.8-106.3) 99.5 (86.5-103.3) 0.509 ™
Cross-clamp duration (min) 61.5 (54-65.3) 63 (48.8-69.3) 0.674™

Data are presented as number (%), mean =+ standard deviation, or median (Q1-Q3). * Fisher’s exact
test; ™ Mann—-Whitney U test; t independent-samples ¢-test. Total fluid intake comprises all crystalloid
and colloid administered from induction to ICU admission, including circuit prime, cardioplegia, and
blood products; CPB fluid balance is the net value recorded by the perfusionist for the CPB period
(intake: prime, cardioplegia, added fluids and blood products; output: ultrafiltrate and urine during
CPB); the individual components were not recorded separately, and urine output outside CPB is not
included. Clinical outcomes (difficult extubation, stridor, oxygen desaturation, re-intubation) are
exploratory and unadjusted for multiplicity; for difficult extubation, the absolute risk difference is
18.4 percentage points (95% CI 5.4 to 33.4). Vasoactive support: 12 (31.6%) vs. 22 (57.9%), p = 0.037
(Fisher’s exact test). CPB, cardiopulmonary bypass; EtCO,, end-tidal carbon dioxide; HR, heart rate;
MAP, mean arterial pressure; SpO,, peripheral oxygen saturation.

Primary analysis. The omnibus GEE group X time interaction for LPW thickness was
significant (Table 4). The planned supporting contrast, the between-group difference in change
from TO to T2 (T2 interaction coefficient), was 1.50 mm (95% CI 1.27 to 1.73), and the corre-
sponding difference at T3 was 1.00 mm (95% CI 0.82 to 1.18); there was no between-group
difference at TO (0.04 mm, 95% CI —0.13 to 0.21) or T1 (0.11 mm, 95% CI —0.09 to 0.31) (cross-
sectional differences in estimated marginal means, Supplementary Table S1; the correspond-
ing T1 interaction coefficient was 0.07 mm, 95% CI —0.06 to 0.19, Supplementary Table S2).
Interaction coefficients with 95% ClIs for all parameters are given in Supplementary Table S2,
and estimated marginal means with between-group differences at each time point in
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Supplementary Table S1. The regression coefficients and robust standard errors were identical
to the reported precision under exchangeable, autoregressive, unstructured, and independence
working correlation structures (Supplementary Table S3), as expected for a saturated mean
model with complete, balanced data. Adjustment for Mallampati class x time or for CPB
duration x time did not materially change the interaction coefficients (LPW, T2: 1.49 mm,
95% CI1.25 to 1.72, and 1.56 mm, 95% CI 1.33 to 1.78, respectively; Supplementary Table S8).
Within-group sequential changes are given in Supplementary Table S7. In a post hoc anal-
ysis, the between-group difference in the T0O—T2 change increased with CPB duration for
parapharyngeal distance (0.29 mm per 10 min of CPB, 95% CI 0.10 to 0.47; p = 0.004) but
not for LPW thickness (p = 0.682; Supplementary Table S9). The four secondary omnibus
interactions remained significant after Holm adjustment across parameters (all adjusted
p <0.001). Interaction coefficients at T1 (before the intervention) were small but different
from zero for the four secondary parameters (Supplementary Table S2); with T1 as baseline
(Supplementary Table S6), the between-group differences in change to T2 were 1.43 mm (95%
CI1.30 to 1.57) for LPW thickness, 1.79 mm (1.58 to 2.01) for parapharyngeal distance, 0.70 mm
(0.51 to 0.89) for tongue thickness, 0.39 mm (0.27 to 0.52) for tongue width, and —0.68 cm?
(—0.91 to —0.45) for midsagittal tongue area. The results of the GEE analysis for group, time,
and group x time effects are summarized in Table 4; the group x time interaction was signifi-
cant for all five parameters, most strongly for LPW thickness and parapharyngeal distance
and less so for tongue width and midsagittal tongue area.

Table 3. Airway-related ultrasonographic parameters by group and time point: descriptive values
and supporting time-point comparisons. The primary omnibus test (GEE group X time interaction
for LPW thickness) is reported in Table 4.

Parameter/Time Point Group 0 cmH,O  Group 20-30 cmH,O  Adjusted p-Value
LPW (mm)
Ty 109+ 04 11.0+ 04 1.000
Tq 11.24+04 113+ 0.5 1.000
T, 122+ 05 13.8 £ 0.7 <0.001
T3 119+ 05 129+ 0.6 <0.001
Tongue width (mm)
To 48.1+£0.8 48.0£1.0 1.000
T 482 £0.9 483 £1.0 1.000
T, 48.4+0.9 489 +£1.1 1.000
T3 48.3 £0.9 487 £1.1 1.000
Midsagittal tongue area (cm?)
Ty 256 £1.2 258 £1.2 1.000
T 253 +£1.2 252 +1.2 1.000
T, 246 +1.4 23.8+13 0.242
T; 248 +13 244+12 1.000
Tongue thickness (mm)
Ty 558 £ 1.6 55.8 £1.2 1.000
T 56.1£1.6 56.8 £1.3 1.000
T, 56.9 £1.7 582+ 1.4 0.003
T3 56.7 £ 1.6 578 £1.3 0.076
Parapharyngeal (mm)
Ty 15.1+0.8 152 +0.9 1.000
T 154+ 0.9 153+ 1.0 1.000
T, 162 +1.0 18.0+1.3 <0.001
T3 159+ 1.0 170+ 1.1 <0.001

Data are presented as mean =+ standard deviation. Bold p-values indicate p < 0.05. LPW, lateral
pharyngeal wall. Adjusted p-values are Bonferroni-corrected pairwise comparisons of GEE estimated
marginal means within each parameter. For LPW, these are supporting time-point comparisons; for
the four secondary ultrasonographic parameters, they are exploratory follow-up comparisons. These
p-values were not adjusted across parameters.
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Table 4. Generalized estimating equations analysis of the effects of group, time, and group X time

interaction on airway measurements.

Effect Wald df p-Value

LPW

Group 43.598 1 <0.001

Time 3747.063 3 <0.001
Group x Time 665.579 3 <0.001
Tongue width

Group 1.058 1 0.304

Time 178.000 3 <0.001
Group x Time 42.162 3 <0.001

Midsagittal tongue area

Group 1.207 1 0.272

Time 328.738 3 <0.001
Group x Time 37.931 3 <0.001

Tongue thickness

Group 5.260 1 0.022

Time 603.546 3 <0.001
Group x Time 126.062 3 <0.001
Parapharyngeal

Group 11.173 1 <0.001

Time 1416.505 3 <0.001
Group x Time 685.085 3 <0.001

Bold p-values indicate p < 0.05. df, degrees of freedom; LPW, lateral pharyngeal wall. The
group x time interaction for LPW thickness is the single confirmatory primary test (unadjusted);
the group x time p-values for the four secondary parameters are Holm-adjusted across parameters;
group and time main-effect p-values are unadjusted and descriptive.

The A(T2-TO) analyses are supporting change-score analyses (Table 5): the LPW
analysis supports the primary outcome, whereas the corresponding analyses of the other
four parameters support the secondary ultrasonographic outcomes. The increase in LPW
thickness was greater in the 20-30 cmH,O group than in the 0 cmH,O group (2.8 £ 0.6 mm
vs. 1.3 £ 0.4 mm; difference in means 1.50 mm, 95% CI 1.26 to 1.74; p < 0.001), as was the
increase in parapharyngeal distance and tongue thickness. The T2-T0 changes in tongue
width and midsagittal tongue area also differed between groups (Table 5); for tongue
width, which was not normally distributed, the between-group difference is given as the
Hodges-Lehmann estimate of the median difference (0.60 mm, 95% CI 0.40 to 0.70).

Table 5. Comparison of T>-Tj changes in airway-related ultrasonographic parameters between

study groups.

Group 0 cmH,0 Group 20-30 cmH,O o
Parameter (= 38) (n = 38) 95% CI p-Value
ALPW T-T( (mm) 1.3+04 2.8+0.6 1.50 (1.26 to 1.74) <0.001*
ATongue width T,-Ty (mm) 0.4 (0.1-0.5) 1.0 (0.6-1.1) 0.60 (0.40 to 0.70) <0.001 ™
AMidsagittal area Tp,-T (cm?) —-1.0£0.6 —2.0£09 —0.99 (—1.33 to —0.66) <0.001 ¢
ATongue thickness T,—Tj (mm) 1.1+0.5 24+0.7 1.34 (1.06 to 1.63) <0.001 t
AParapharyngeal T,-T( (mm) 1.1+£0.5 2.7+09 1.61 (1.29 to 1.92) <0.001*

Data are presented as mean + standard deviation or median (Q1-Q3). ™ Mann-Whitney U test,
with the between-group difference expressed as the Hodges-Lehmann estimate of the median
difference and its distribution-free 95% CI; t Welch'’s #-test, with the difference in means and its 95%
CI. The LPW analysis is a supporting analysis of the primary outcome; the analyses of the remaining
four parameters support the secondary ultrasonographic outcomes. The p-values in this table are
unadjusted for multiplicity. Bold p-values indicate p < 0.05. LPW, lateral pharyngeal wall.
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3.2. Harms

No cases of accidental extubation, clinically significant ventilatory leak, aspiration, or
ventilation failure occurred during cardiopulmonary bypass in either group. Two patients
(one in each group) required re-intubation in the intensive care unit approximately 4 h after
extubation because of stridor with SpO, < 92% despite face-mask oxygen at 5 L/min; both
were re-intubated within 5 min of the onset of stridor and without complication. Furthermore,
no serious adverse events attributable to the intervention were observed, and no participant
required withdrawal from the study because of intervention-related complications.

4. Discussion

In this randomized, observer-blinded trial, complete deflation of the ETT cuff dur-
ing cardiopulmonary bypass (0 cmH,0O) was associated with smaller increases in ul-
trasonographic measurements of upper airway soft tissue than the standard strategy
(20-30 cmH;0) in patients undergoing CABG. The primary analysis, the group x time
interaction for lateral pharyngeal wall (LPW) thickness, was significant, with a between-
group difference in change from TO to T2 of 1.50 mm (95% CI 1.27 to 1.73). The evidence
provided by this trial should be read at four distinct levels: (i) a randomized effect on ultra-
sonographic measurements; (ii) a possible physiological mechanism; (iii) an exploratory
clinical signal regarding difficult extubation; and (iv) the absence of definitive evidence of an
effect on extubation failure, reintubation, aspiration, pneumonia, or other patient-centered
outcomes. These levels are addressed in turn below.

Our findings are consistent with previous ultrasonographic studies of the upper air-
way. Ayta¢ and Soyal reported increased LPW thickness and parapharyngeal distance after
robotic prostatectomy, associated with intraoperative fluid loading [14], and Cetin et al.
showed that higher pneumoperitoneum pressures during laparoscopic cholecystectomy
produced more pronounced ultrasonographic upper airway changes [22]. The greater
increases in LPW thickness and parapharyngeal distance in the higher-pressure group are
compatible with cuff-related mechanical compression contributing to an increase in upper
airway soft-tissue thickness during CPB. It should be emphasized that the measured param-
eters are anatomical dimensions: they do not quantify tissue water content or prove edema,
and the observed changes may reflect a combination of tissue fluid accumulation, vascular
filling, tissue geometry, muscle tone, patient position, and measurement conditions.

Elevated cuff pressure impairs tracheal mucosal capillary perfusion and reduces
venous and lymphatic drainage [1-3], promoting congestion and interstitial fluid accumu-
lation in the laryngopharyngeal region. This is biologically consistent with Seegobin and
van Hasselt, who showed that elevated cuff pressures rapidly impair tracheal mucosal
blood flow [2], and with the literature on post-extubation laryngeal edema [23].

For the primary outcome, LPW thickness, the groups did not differ at baseline (T0)
or at T1, before cuff deflation, and the between-group difference emerged only after CPB
(T2-T3). For the secondary parameters, this was not entirely the case: the group x time
interaction coefficients at T1 were small but different from zero for parapharyngeal distance,
tongue thickness, tongue width, and midsagittal tongue area (Supplementary Table 52), i.e.,
these parameters had already changed slightly differently between groups between T0 and
T1, before the intervention began. The reason is unclear (chance imbalance in small pre-CPB
changes is the most plausible explanation), but it means that the causal interpretation of
the secondary ultrasonographic differences must be more cautious than for LPW thickness.
In a sensitivity analysis using T1 as the baseline (Supplementary Table S6), the between-
group differences in change from T1 to T2 and T3 remained significant and of similar
magnitude for all parameters, which argues against the pre-intervention differences ex-
plaining the post-CPB findings. Because both arms underwent the same bypass procedure,
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and intraoperative fluid administration, diuresis, fluid balance, blood loss, CPB duration,
and cross-clamp time were similar (Table 2), large systematic differences in CPB-related
factors such as non-pulsatile perfusion, hemodilution, and inflammation are unlikely. Ran-
domization does not, however, eliminate individual variability in inflammatory response,
endothelial permeability, venous congestion, or hemodilution, and several CPB-related
variables (nadir hematocrit, transfusion, ultrafiltration, central venous pressure) were not
collected, so residual biological variability cannot be excluded. The exploratory observa-
tion that the between-group difference in parapharyngeal distance increased with CPB
duration (Supplementary Table S9) is compatible with a cumulative, exposure-dependent
effect of cuff pressure, but it was not pre-specified and requires confirmation. Vasoactive
support was more frequent in the 20-30 cmH,O group; although this difference arose after
randomization and is not plausibly caused by cuff management, vasoactive therapy and
the hemodynamic instability that prompts it may themselves influence pharyngeal tissue
dimensions. This pattern is consistent with a contribution of the cuff pressure strategy
applied during bypass, although the precise mechanism cannot be established [2,7].

How might cuff pressure, which is not in direct contact with the pharynx, be associated
with changes in the lateral pharyngeal wall and parapharyngeal region? These structures
share loose submucosal connective tissue and venous and lymphatic drainage with the
trachea and larynx [14,21], so impaired laryngopharyngeal outflow related to cuff pressure
may be reflected in these adjacent, distensible tissues rather than at the cuff-mucosa
interface [1,2]. A comparable indirect pattern has been described for pneumoperitoneum,
where raised intra-abdominal pressure is associated with head-and-neck venous congestion
despite no direct contact [14,22]. We selected the LPW and parapharyngeal region because
they are reproducible ultrasonographic parameters that have been associated with post-
extubation airway compromise in observational studies [5,14,15]. The greater increases at
T2 and T3 in the higher-pressure group are consistent with CPB effects being amplified
by continuous cuff-related compression [7,9]; this is a possible mechanism and remains
a hypothesis.

Tongue width and midsagittal tongue area behaved differently from LPW thickness
and parapharyngeal distance. The reduction in midsagittal tongue cross-sectional area,
which contrasts with the increases observed in the pharyngeal parameters, is consistent
with the findings of Ayta¢ and Soyal, who likewise reported a postoperative decrease in
midsagittal tongue area alongside increases in lateral pharyngeal wall and parapharyngeal
thickness [14]. A possible explanation is anesthesia-related loss of tongue muscle tone and
geometric redistribution of the tongue, as also observed with pneumoperitoneum [14,22];
this interpretation is speculative and is not directly supported by the present data. Al-
though the group x time interaction was statistically significant for tongue width and
midsagittal tongue area, the magnitude of the effect was much smaller than for the pha-
ryngeal parameters, and these two measurements may be better regarded as geometric
parameters than as markers of soft-tissue thickening.

The 1.50 mm between-group difference in ALPW is statistically robust (95% CI 1.27
to 1.73). However, no prospectively validated minimal clinically important difference for
LPW change exists, in cardiac surgical patients or otherwise; the associations reported in
previous observational studies [5,15] should not be interpreted as a validated threshold, and
the present study was not designed to define one. Statistical significance should therefore
not be equated with established clinical importance. The absence of aspiration, significant
air leak, unplanned extubation, or ventilation failure suggests that a carefully controlled
0 cmH,O strategy during CPB warrants further investigation in larger studies [7,8], but
does not by itself establish safety (see Section 4.2).
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4.1. Exploratory Clinical Observation: Difficult Extubation

The lower incidence of difficult extubation in the 0 cmH,O group (0/38 vs. 7/38;
absolute risk difference 18.4 percentage points, 95% CI 5.4 to 33.4) is clinically interesting,
but it rests on seven events in a trial not powered for this outcome, was not adjusted for
multiplicity, and relies on a study-specific operational definition. The last ultrasonographic
assessment (T3, postoperative hour 2) preceded extubation (approximately postoperative
hour 6) by about four hours, so airway anatomy at the moment of extubation was not
assessed, and no direct mechanistic link between the T3 findings and the extubation events
can be inferred. In addition, Mallampati class was imbalanced at baseline, and unmeasured
factors such as cumulative opioid and sedative exposure and the exact train-of-four ratio
and body temperature at extubation could have contributed. The seven events were
distributed across Mallampati classes I-IV, which argues against the baseline imbalance
being the sole explanation, but with so few events, a contribution cannot be excluded.
More generally, randomization in a relatively small sample does not guarantee balance in
clinically relevant baseline airway characteristics, as the Mallampati distribution in this trial
illustrates. The ultrasonographic between-group differences were essentially unchanged
after adjustment for Mallampati class, and the difference in difficult extubation persisted in
a Mallampati-stratified analysis (Supplementary Table S8), although both analyses are post
hoc. This finding should be regarded as hypothesis-generating; it does not demonstrate
that cuff deflation prevents difficult extubation. In particular, re-intubation did not differ
between groups (1/38 vs. 1/38) and clinically relevant respiratory events were infrequent,
so this observation should not be read as evidence of clinical efficacy.

4.2. Safety and Patient-Centered Outcomes

Complete cuff deflation removes the airtight seal during the period without mechani-
cal ventilation. Although the absence of ventilation removes the need for a seal, it does not
eliminate the possibility of aspiration of oropharyngeal or gastric contents, and an orogas-
tric tube alone does not prevent microaspiration. Our protocol included oropharyngeal
suctioning before deflation and before re-inflation, and no clinically detected aspiration
occurred, but silent microaspiration was not assessed objectively. With one re-intubation in
each group and no aspiration or pneumonia events, this trial cannot establish an effect on
extubation failure, reintubation, aspiration, pneumonia, or other patient-centered outcomes,
and the safety of the technique must be established before it can be recommended for wider
clinical use.

A key strength is that all ultrasonographic measurements were performed in a stan-
dardized manner by a blinded investigator. In addition, no patient underwent trans-
esophageal echocardiography (TEE), which can increase ETT cuff pressure and compress
pharyngeal structures [20]; eliminating this confounder strengthens attribution of the ob-
served effects to the cuff pressure intervention. At the same time, TEE is used routinely in
many cardiac surgical centers, and the magnitude of the cuff-pressure effect observed here
may differ when a TEE probe is in place; the deliberate exclusion of TEE therefore restricts
the external validity of our findings to TEE-free CABG.

4.3. Limitations

This study has several important limitations. First, the single-center design and rel-
atively modest sample size may limit the generalizability of the findings to broader and
more heterogeneous patient populations. Second, upper airway changes were assessed
exclusively with ultrasonographic measurements of anatomical dimensions, without vali-
dation against laryngoscopy, endoscopy, computed tomography, or magnetic resonance
imaging; the measurements do not quantify tissue water content and cannot prove edema.
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Third, all ultrasonographic measurements were performed by a single investigator, and
only the mean of triplicate readings was recorded; consequently, neither intra-observer nor
inter-observer reproducibility could be quantified. Because the between-group differences
are of the order of 1-2 mm, measurement precision is central to the interpretation of the re-
sults, and the lack of a formal reproducibility assessment is an important limitation. Fourth,
we did not measure the tracheal air-column diameter, which would more directly reflect
cuff-related changes at the cuff-mucosa interface; the lateral pharyngeal wall and parapha-
ryngeal region were selected because they are reproducible ultrasonographic parameters
associated with peripharyngeal soft-tissue changes, and future studies could combine these
with air-column measurements. Moreover, the final ultrasonographic assessment was
obtained at the second postoperative hour, whereas extubation was performed at approxi-
mately the sixth postoperative hour; consequently, airway status was not imaged at the
time of extubation, and the temporal relationship between the observed ultrasonographic
changes and difficult extubation cannot be established.

Several further limitations should be noted. Patients at high risk of obstructive sleep
apnea, with known or anticipated difficult airways, with a BMI > 35 kg/m?, or undergoing
emergency surgery were excluded, producing a selected, relatively low-risk airway popula-
tion in which the benefit or risk of cuff deflation may differ. TEE was deliberately not used,
which restricts external validity to TEE-free procedures. Several potentially relevant vari-
ables were not collected at the patient level: nadir hematocrit, transfusion and ultrafiltration
volumes, central venous pressure, a complete perioperative net fluid balance up to the time
of T3, cumulative opioid and sedative doses, the exact train-of-four ratio and temperature
at extubation, the number of cuff-pressure adjustments, Cormack-Lehane grade, and initial
cuff volume; these are potential contributors to postoperative upper airway changes and
to the extubation events. The severity of the difficult-extubation events was not graded
prospectively beyond the need for jaw thrust and/or an airway adjunct. Finally, although
the five ultrasonographic parameters were planned in advance and analyzed as separate
families, the number of secondary comparisons is large relative to the sample size, and
nominally significant secondary results should be interpreted with caution.

In addition, the study did not compare complete cuff deflation with intermediate cuff
pressure reduction strategies (e.g., 10-15 cmH;0). Consequently, it remains unclear whether
the observed effect was specifically attributable to complete cuff deflation or to cuff pressure
reduction in general. Although a difference in endotracheal tube distribution between
groups could theoretically have influenced intubation conditions or cuff-related trauma, all
patients underwent a standardized intubation protocol and no difficult intubations were
reported. Silent microaspiration was not assessed using objective diagnostic methods. In
addition, the registered exploratory relationship between intraoperative fluid volume and
ultrasonographic airway changes was not formally analyzed; because fluid parameters
were comparable between the groups, patient-level correlation analyses in larger cohorts
are needed to address this question.

Furthermore, the study was powered for the primary ultrasonographic outcome of
LPW thickness; therefore, it was underpowered for secondary clinical outcomes such as
difficult extubation and stridor, and the clinical comparisons are exploratory. Finally, the
findings are limited to patients undergoing CABG surgery. Because CPB duration and the
magnitude of the inflammatory response may differ in valve surgery or combined cardiac
procedures, direct extrapolation of these results to other cardiac surgical populations should
be undertaken with caution.
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5. Conclusions

In patients undergoing CABG surgery, complete deflation of the ETT cuff during
cardiopulmonary bypass was associated with smaller ultrasonographic increases in lateral
pharyngeal wall thickness, parapharyngeal distance, and tongue thickness than main-
tenance of 20-30 cmH,O. These findings support an association between cuff pressure
management during CPB and ultrasonographic upper airway soft-tissue changes. The trial
does not demonstrate that cuff deflation improves clinically meaningful airway outcomes,
and the lower frequency of difficult extubation is an exploratory, hypothesis-generating
signal. Cuff deflation during CPB should not be adopted as routine practice on the basis
of these data. Because TEE was deliberately not used, these findings apply to TEE-free
CABG and may not generalize to procedures in which a TEE probe is in place. Future trials
should be powered for patient-centered endpoints—clinically important airway obstruction,
stridor, extubation failure, reintubation, aspiration and microaspiration, postoperative pul-
monary complications, and ICU length of stay—and should include an objective assessment
of aspiration risk.
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