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Background: Postoperative laryngopharyngeal discomfort (POLPD) is a common yet
undermanaged complication after tracheal extubation. While mechanical pressure from
the endotracheal tube is implicated, quantitative data linking tube-tissue contact pres-
sure to POLPD are lacking. This study aimed to establish a quantitative relationship be-
tween tracheal tube contact pressure and POLPD, while identifying bedside applicable,
simplified clinical risk indicators.
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Methods: In this prospective observational study, 89 patients undergoing elective sur-
gery (= 2 hours) were enrolled. We adapted a T-scan Il occlusal analysis system to mea-
sure tracheal tube pressure distribution at four intraoperative timepoints. POLPD was
defined as a composite endpoint including severe pharyngalgia (NRS > 4), profound
dysphagia (bedside water swallow test > 4), or prominent tongue edema.

Results: POLPD incidence was 39.1%. Multivariate analysis identified two independent
risk profiles: female with narrow pharyngeal cavity (OR 3.26, 95% Cl: 2.1-4.87, P < 0.001)
and prone position with non-neutral O-C2 angle (OR 1.94,95% Cl: 1.34-2.81, P < 0.001).
The POLPD group had significantly higher tracheal tube pressures. A pressure-overload
index independently predicted POLPD (OR 1.17,95% Cl: 1.01-1.37, P = 0.041), demon-
strating a dose-response relationship.

Conclusions: This study provides quantitative evidence linking tracheal tube contact
pressure to POLPD. Two simplified clinical risk indicators were identified: “lady over-
weight, chin looks short, snore at night, airway’s tight” (female with narrow pharyngeal
cavity) and "neck bent too far” (prone with non-neutral O—C2 angle). Real-time pressure
monitoring is a promising target for future airway protection.
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Postoperative laryngopharyngeal discomfort
(POLPD), encompassing symptoms such as sore
throat and dysphagia, is a common complica-
tion after tracheal extubation, with an incidence
of 30-60% [1, 2]. While recognized, research has
predominantly focused on critically ill patients,
leaving a knowledge gap regarding elective surgical
populations [3, 4]. Mechanical pressure from the en-
dotracheal tube is a hypothesized key factor in
the development of POLPD [5, 6]; however, current
clinical monitoring methods fail to capture this spe-
cific mechanism. Cuff pressure monitoring, for in-
stance, measures the pressure exerted by the inner
wall of the tracheal tube cuff against the tracheal

mucosa to ensure an adequate seal and prevent as-
piration. This reflects only the pressure transmitted
from the cuff to the tracheal wall and is primarily con-
cerned with tracheal ischemia, not the compressive
forces exerted by the outer wall of the tube against
the soft tissues of the oropharynx. Similarly, esopha-
geal pressure monitoring, achieved via an eso-
phageal balloon, is used to estimate pleural pressure
and calculate transpulmonary pressure to assess lung
and chest wall mechanics. It does not quantify the lo-
calized mechanical stress caused by an indwelling
foreign body (the tracheal tube) on the pharyngeal
and laryngeal mucosa. Therefore, a direct, quanti-
tative method for assessing the contact pressure
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between the tracheal tube and oropharyngeal tis-
sues is critically needed.

Beyond the lack of direct pressure measure-
ment, the risk factors for POLPD in elective surgery
populations also remain poorly defined. Factors
identified in critical care [7, 8] (e.g., prolonged in-
tubation [9]) may not apply to elective settings. We
therefore focused on non-critically ill elective sur-
gery patients. Preliminary observations linked prone
positioning to POLPD. We adapted a T-scan occlusal
analysis system to quantitatively measure tracheal
tube contact pressure.

This pilot study aimed to: (1) explore the rela-
tionship between tracheal tube contact pressure
and POLPD, and (2) identify simplified clinical risk
indicators.

METHODS

This study was conducted in accordance with
the Declaration of Helsinki. The study protocol was
approved by the Ethics Committee of China-Japan
Friendship Hospital (approval number: 2023-KY-219).
Written informed consent was obtained from all
individual participants included in the study. This
study is a pre-specified analysis of a completed pro-
spective observational cohort whose protocol has
been published previously [10]. The original study
(NCT05987293), conducted at China-Japan Friendship
Hospital (October 2023 to May 2024), aimed to evalu-
ate the feasibility of a novel tracheal tube pressure
measurement method and broadly explore risk factors
for POLPD. Upon completion of enroliment, the pres-
ent analysis was undertaken to quantitatively investi-
gate the relationship between tracheal tube contact
pressure — a key mechanistic variable — and the inci-
dence of POLPD. Following preliminary observations
linking prone positioning to elevated pressures, we
adopted a case-control approach (POLPD vs. non-
POLPD groups) to broadly investigate clinical risks.

Participant enrollment and eligibility criteria

Eighty-nine patients scheduled for elective
surgery (= 2 hours) under general anesthesia with
tracheal intubation were enrolled. Inclusion criteria
comprised: (a) American Society of Anesthesiolo-
gists (ASA) physical status I-lll; (b) age 18-85 years;
(c) scheduled for elective surgery requiring tracheal
intubation with anticipated duration > 2 hours;
(d) provision of written informed consent.

We excluded participants with: (a) lack of docu-
mented informed consent; (b) maxillofacial or up-
per airway surgery; (c) history of head and neck
radiotherapy; (d) preexisting oral or lingual abnor-
malities (deformities, trauma, infection, or active
bleeding); (e) airway hyperresponsiveness, active
asthma, acute exacerbation of chronic obstruc-

tive pulmonary disease, or laryngeal osteomalacia;
(f) respiratory insufficiency or moderate-to-severe
ventilatory/diffusion dysfunction; (g) chronic sore
throat, upper respiratory tract infections, recurrent
laryngeal nerve injury, dysarthria, dysphagia, severe
gastroesophageal reflux, upper esophageal sphinc-
ter dysfunction, or cardiac stenosis; (h) planned
postoperative parenteral nutrition therapy.

Perioperative information and follow-ups

Baseline demographics and airway assessment
data were collected, including age, sex, height,
weight, body mass index (BMI), ASA classification,
and expected surgical position.

Airway measurement indices were categorized
based on the practical procedures in our medical
center and the universally recognized criteria for dif-
ficult airway risk factors [11, 12]. Participants with
neck circumference > 40 cm, Mallampati grading
Il or IV, thyromental distance < 6 cm, mandibular
ramus < 6 cm, obstructive sleep apnea/hypopnea
syndrome (OSA), difficult mask ventilation, or > 2 at-
tempts at intubation were recorded. The intubation
devices, approaches, and the type and dimensions
of the endotracheal tube were recorded.

The protocol for head and neck positioning was
as follows: after induction and intubation in a neutral
supine position, patients were moved into the final
surgical posture. The cervical occipital angle (O-C2)
was then quantified from a lateral X-ray. To ensure
reliability, two blinded assessors (MTZ and HNM)
independently performed all measurements twice.
The mean of the two measurements was used for
analysis. The inter-rater reliability was excellent (in-
traclass correlation coefficient [ICC] = 0.92).

During the surgery, respiratory parameters were
recorded during steady state, including minute ven-
tilation volume, peak airway pressure (P__), mean
airway pressure (P__ ), and positive end-expiratory
pressure (PEEP). Input and output volume (I/0) was
calculated as the infusion volume minus urine and
blood loss. The duration of tracheal tube mainte-
nance and the duration of surgery were recorded.

The T-scan Il system (Tekscan Inc., Boston, MA,
USA) was adapted to measure tracheal tube contact
pressure. This system uses a thin, flexible sensor sheet
containing a grid of sensing elements. Prior to each
use, the sensor was calibrated according to the man-
ufacturer’s protocol to ensure measurement accu-
racy. To further validate its applicability in the moist,
curved environment of the oropharynx, we conduct-
ed an in vitro study simulating the contact between
the tracheal tube and the tongue/palate surface,
using a pressure gauge as a reference standard. This
study demonstrated excellent agreement between
the T-scan-derived relative force and the absolute
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contact pressure/stress, with high coefficients of de-
termination and concordance correlation coefficients.
Accordingly, before this clinical trial, we established
working curves to convert the relative force readings
to absolute contact pressure and stress, which were
applied in the current clinical measurements.

The sensor was positioned to record pressure at
the interface between the tube and the surround-
ing oropharyngeal tissues. To prevent displacement
during patient repositioning (e.g., from supine to
prone), the sensor was securely attached to the out-
er wall of the tracheal tube using waterproof medi-
cal adhesive tape along its entire length. A reference
mark was made on the tube at the level of the inci-
sors using a surgical marker; before each pressure
recording, the operator verified that the sensor re-
mained in the correct position by aligning the mark
with the incisors and by inspecting the real-time
pressure distribution image on the T-scan display,
which provides sufficient spatial resolution to de-
tect any shift. In all cases, no displacement was
observed throughout the procedure. The pressure,
contact area, and contact force on the tracheal tube
were read at four time points: T  (after tracheal in-
tubation), T, (after patient positioning), T, (before
the end of surgery), and T, (before extubation).
The contact force applied on the tracheal tube was
read from the tracheal tube-palate and tracheal
tube-tongue sensors of the T-scan system. The pres-
sure distribution onto the tube was estimated as net
force divided by contact area, which could be dis-
played accurately on the sensor.

We followed up participants at 1, 3,and 12 hours
after surgery and once a day until 7 days after sur-
gery. Postoperative adverse events in the recovery
room were recorded, including hoarseness, dys-
pnea, significant deterioration of respiratory func-
tion, or increased oxygen therapy. As part of routine
post-anesthesia care, all participants were encour-
aged to resume eating 6 h after surgery. The time
of the first successful attempt to ingest liquids (ty i)
and solid food (t, ) was recorded. Patient satisfac-
tion was measured on a scale from 1 to 10, where
10 represented the highest level of satisfaction and
1 the lowest.

Outcome measurements

The primary endpoint was POLPD, diagnosed
according to any sign meeting the following criteria:
(a) severe pharyngalgia, defined as a score of NRS
4 or more, indicating that patients were unable to
sleep or rest quietly due to pharyngeal pain; (b) pro-
found dysphagia, defined as a score of > 4 on the
bedside water swallow test (WST). This indicated
the need for more than two attempts to swallow
30 mL of warm water, accompanied by coughing, or

being unable to swallow it at all [13]; (c) prominent
tongue edema, defined as a condition where sig-
nificant enlargement of the tongue was observed,
presented as teeth-printed tongue, or the presence
of ulcers on the enlarged tongue surface [14]. Pro-
minent tongue edema was assessed clinically and,
when feasible, documented with preoperative and
postoperative photographs for blinded assessment
(see Supplemental File 1).

The secondary outcomes included the time from
extubation to the first successful attempt at water
intake (t, ) and solid food intake (t__), and the
lowest self-rating satisfaction score during the fol-
low-up period. Adverse events, including difficult
mask ventilation or intubation, soft tissue injury
or edema of the head and face, and airway-related
events (such as bronchospasm, aspiration, re-intu-
bation, pulmonary infection, ventilation insufficien-
cy, or prolonged oxygen therapy), were recorded.

Binary logistic regression: assessing
perioperative risk factors for POLPD

Baseline data and perioperative factors with
clinical significance and statistical differences were
transformed into categorical variables, and uni-
variate logistic regression analysis was performed.
The covariates included age, sex, BMI, surgical posi-
tion, cervico-occipital angle, thyromental distance,
mandibular angle, Mallampati grade, and OSA.

Two composite metrics were included: (a) nar-
row pharyngeal cavity, defined as any one of the
four following signs: BMI = 30 kg m~, thyromental
distance < 6 cm, symptoms of OSA, or Mallampati
grade > lll; and (b) high-risk surgical position, which
is the prone position with O-C2 angle exceeding
the neutral range (10-18°). This range was derived
from the mean £ 1 SD (14.5 + 3.7°) reported by Tang
et al. [15]. The selection of components for these
composites was based on clinical relevance and es-
tablished associations with difficult airway or pha-
ryngeal crowding. Given that the small sample size
may affect the distribution assumptions, the boot-
strap method was employed for sampling to en-
hance the robustness of the results.

Reliability assessment of the model based
on cross-validation

A stratified k-fold cross-validation was con-
ducted to verify the model’s reliability. The 89 en-
rolled cases were stratified to ensure that the ratio
of POLPD in each fold was consistent with that
of the overall population. Subsequently, the data
were randomly divided into five non-overlapping
subsets: one was selected as the test set and four
were combined as the training set to construct
the logistic regression model. This process was
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repeated five times, and the test results of the mo-
del were recorded. Cross-validation was used to test
the binary logistic regression models constructed
based on clinical risk factors and pressure over-
load.

Sensitivity analysis

A subgroup analysis was conducted to deter-
mine whether the clinical risk model and the pres-
sure overload could significantly influence the oc-
currence of POLPD in subgroups with different
airway devices.

Sample size estimation

Sample size estimation was performed using
PASS 2021 software. The initial calculation, based
on previously reported incidences of POLPD-relat-
ed outcomes — 78% for postoperative narrowed
laryngopharyngeal space in prone-positioned pa-
tients [16] and 33% for dysphagia and sore throat
in supine-positioned patients [17] - yielded a target
sample size of 54 participants (27 per group).

However, during the early phase of this pilot
study, we observed a lower incidence of POLPD
in the prone position than anticipated based on
the literature. To ensure adequate statistical power
to detect clinically meaningful effects and to avoid
conducting an underpowered study - a critical ethi-
cal and scientific consideration, particularly when
introducing a novel measurement technique - the
sample size re-calculation was indeed performed
prior to data analysis and was approved by our insti-
tutional ethics committee, indicated that 89 partici-
pants would be required. A post-hoc power analysis
using G*Power 3.1 (University of Dusseldorf, Dussel-
dorf, Germany) confirmed that the final sample of 89
participants provided 96% power (Supplemental
File 2) for the pre-specified primary analysis under
the binomial test model.

Missing data

No patients were lost to follow-up, and primary
outcome data were complete for all participants.
Missing data in secondary outcomes were minimal
(< 4.5%) and were handled by multiple imputation
after Little’s test confirmed they were missing com-
pletely at random (P > 0.05).

Statistical analysis

Statistical analyses were conducted using IBM
SPSS Statistics (version 27; IBM Corp., Armonk, NY,
USA). Continuous variables are summarized as
mean = SD or median [IQR], and categorical vari-
ables as n (%). Group differences were assessed us-
ing t-tests, Mann-Whitney U tests, or y? tests. Risk
factors for POLPD were identified via binary logis-

tic regression, with results expressed as ORs and
95% Cls. The pressure-overload index was derived
from a logistic regression model. Model fit was
evaluated with the Hosmer-Lemeshow test, and
multicollinearity was checked (VIF < 2). Statistical
significance was set at P < 0.05.

The sample size re-estimation was planned and
approved during the early phase of the study (see
section: Sample size estimation), and the current
analysis of the pressure — POLPD relationship was
pre-specified in the study protocol (NCT05987293).
Post-hoc analyses were prespecified and explicitly
declared.

RESULTS
Perioperative information

This prospective observational study followed
STROBE guidelines [18] (Supplemental File 3). From
October 19, 2023, to May 31, 2024, 89 patients were
enrolled; 35 (39.1%) developed POLPD. Table 1
summarizes participant characteristics: mean age
63.0 = 10.6 years, BMI 25.3 + 3.2 kg m~. Surgical
procedures included peripheral neurolysis (supine,
n = 28), posterior thoracolumbar surgery (neutral-
prone, n =51), and posterior cervical spine surgery
(flexion-prone, n = 10). Mean surgical duration was
183 + 74 minutes; intubation and ventilation time
was 210 £ 68 minutes.

Airway management was individualized. Intuba-
tion methods: direct laryngoscopy (32.5%), video
laryngoscopy (64.0%), optical stylet (2.2%), and
fiberoptic bronchoscopy (1.1%). Tubes were mid-
line-secured; reinforced tubes were used in 67.4%
of cases. Tube sizes: 7.0 mm for females (44.9%),
7.5 mm for males (55.0%). The incidence of POLPD
did not differ significantly between patients with
reinforced and standard tubes (23/60 [38.3%)] vs.
11/29[37.9%)], P=0.970), suggesting that tube type
was not an independent risk factor for postoperative
laryngopharyngeal discomfort.

Pre-extubation video laryngoscopy showed no
soft tissue injury or tongue edema. Ventilatory set-
tings: flow rate 2.6 £ 0.7 L min™",Vt 6.4 £ 0.3 mL kg™,
Ppeak 18.7+3.9cmH,0, P 9.7 + 3.2 cmH,0, PEEP
3.4 + 1.4 cmH,0. No head/facial edema occurred;
all patients extubated within 15 minutes without
adverse events. Net fluid balance: 747 + 485 mL.
Glucocorticoids given for antiemesis or spinal ede-
ma; mean methylprednisolone equivalent 71.0 mg
(IQR 141.2 mg).

Outcome measurements

POLPD occurred in 35 patients (39.1%). The POLPD
group had more females, higher BMI, and non-su-
pine positions (Table 1). They had delayed first liquid
intake (P < 0.001) and solid food intake (P < 0.001),
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TABLE 1. Baseline and perioperative information

Variable Overall Postoperative laryngopharyngeal | Without discomfort
(n=89) discomfort (n = 35) (n=>54)

Age (years) 63.0(10.6) 66.0 (11.0) 60.0 (26.0) 0.060
Sex (female) 40.0% 55.8% 38.1% 0.011*
Height (cm) 166.0 (7.3) 163.7 (5.9) 165.3 (6.7) 0.169
BMI (kg m™) 252(3.2) 25.2(4.0) 24.5(2.9) <0.001*
ASA grading 0.137
ASAI 81.7% 88.9% 83.7%
ASA I 18.3% 11.1% 16.7%
Surgical position <0.001*
Supine 30.0% 0% 353%
Neutral-prone 58.3% 77.8% 54.9%
Cervical-flexion 11.7% 22.2% 9.8%
Cervico-occipital angle -28.1(21.0) -31.6(12.4) —-24.4(9.0) 0.044*
Neck circumference > 40 cm 15.0% 11.1% 15.7% 0.385
Degree of mouth opening < 3.5 cm 12.4% 14.7% 10.9% 0.195
Thyromental distance <0.001*
>6.5cm 68.3% 33.3% 74.5%
6—6.5 cm 23.3% 55.6% 17.6%
<6am 8.3% 11.1% 7.8%
Short mandibular angle 6.7% 11.1% 5.0% 0.074
Mallampati grading 0.024*
Grade | 10.0% 0% 11.8%
Grade I 56.7% 66.7% 54.9%
Grade lll 33.3% 33.3% 33.3%
0SAa 43.3% 66.7% 39.2% <0.001*
Duration of ventilation 210 (68) 263 (98) 212 (66) 0.486
Duration of surgery 183 (74) 254.(95) 199.8 (61) 0.152
MV (L min~") 4.5(0.6) 44(0.9) 4.2(1.3) 0.365
Ppeak (cmH,0) 18.7 (3.9) 20.8(3.8) 20.6(2.2) 0.242
Pmean (cmHZO) 9.7(3.2) 3(1.3) 9.0(2.1) 0.207
PEEP (cmH,0) 3.4(1.4) 7(1.9) 3.0(1.8) 0.647
1/0 (mL) 747 (485) 599 (556) 1053 (389) 0.151
Methylprednisolone equivalent (mg) 71.0 (141.2) 91.1(80.0) 69.4 (134.8) 0.297
g (MIN) 429 (133) 427 (112) 356 (53) <0.001*
t,,,; (Min) 466 (181) 464 (144) 426 (152) <0.001*
Adverse events 0
Satisfactory score 9.2(1.2) 7.3(13) 9.4(0.7) <0.001*

Data are presented as mean (SD), median (IQR), or n (%). P-values are from ¢-test, Mann-Whitney U test, or - test as appropriate.

*P <0.05.
“Diagnosis of 05A referred to STOP-Bang score = 3.

and lower satisfaction scores (P < 0.001). No respi-
ratory insufficiency, long-term oxygen therapy, or
parenteral nutrition was needed. No major compli-

cations occurred.

Binary logistic regression analysis of clinical

risk factors

Univariate analysis of POLPD risk factors is pre-
sented in Supplemental File 4. Multivariate binary
logistic regression used three variables: female sex,
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TABLE 2. Multivariate regression analysis

| Model | p | SE_| Wald’ | __OR__| _95%C

Model 1

Female | oeot | 0190 | 1323 | 196 | 1377-28% | <0001*
High-risk surgical position

Prone-flexion 0.932 0.317 8.676 2.541 1.366—4.725 0.003*

Prone-extension 0.368 0.208 3.119 1.445 0.960-2.174 0.077

“Narrow pharyngeal cavity” 0.592 0.202 8.556 1.807 1.216-2.687 0.003*
Model 2

Female—narrow pharyngeal 1.183 0.204 33.770 3.264 2.191-4.867 <0.001*

cavity interaction factor

High-risk surgical position 0.662 0.189 12.276 1.938 1.339-2.807 <0.001*
Model 3

Pressure overload 0.161 0.079 4.157 1.174 1.006-1.370 0.041*

P < 0.05.

Note: Model 2 includes an interaction term that was not pre-specified in the study protocol and should be interpreted as exploratory.

- Without
-@- POLPD

Average pressure distributed
on the tracheal tube (x 10*Pa)
N

T0 T T2 3

FIGURE 1. Tracheal tube contact pressure over time in patients with and without
postoperative laryngopharyngeal discomfort (POLPD). Pressure was measured
at discrete sensor loci using an adapted T-scan IIl system. Data points represent
mean pressure, and the light-colored bands indicate the 95% confidence intervals.
The POLPD group consistently demonstrated higher average pressures throughout
the intraoperative period, supporting the association between mechanical stress and
symptom development

POLPD — postoperative laryngopharyngeal discomfort, T, — after tracheal intubation, T, — after patient positioning
to meet the requirements of the surgical operation, T, — before the end of surgery (surgical position maintained),
T, — before extubation

prone-flexion/extension position, and narrow pha-
ryngeal cavity. Two models were built (Table 2).
Model 1 had poor fit (Hosmer-Lemeshow > = 26.597,
P <0.001). As an exploratory step not pre-specified in
the original protocol, we tested an interaction term
between female sex and narrow pharyngeal cavity
based on anatomical considerations [19, 20]. The re-
sulting Model 2, which should be interpreted as ex-
ploratory, showed acceptable calibration (x> = 0.847,
P =0.655). Multicollinearity was absent: VIFs for fe-
male sex, position, and narrow pharynx were 1.026,
1.151, and 1.177 (tolerances > 0.85); condition index
3.551; eigenvalue 0.233. For clinical use, we created
amnemonic:“lady overweight, chin short, snore, airway
tight” (female with narrow pharynx) and “neck bent
too far” (prone position with non-physiological 0-C2
angle). In this mnemonic, “overweight” refers to BMI
> 30 kg m, “chin short” corresponds to thyromental
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distance < 6 cm, “snore” indicates a history or symp-
toms of OSA, and “airway tight” reflects Mallampati
grade > lll - all of which are the components used to
define“narrow pharyngeal cavity”in our multivariate
analysis (see section: Binary logistic regression: assess-
ing perioperative risk factors for POLPD). Given that
the interaction term in Model 2 was not pre-specified,
these findings should be regarded as hypothesis-
generating and require independent validation.

Pressure overload as a quantitative risk
factor of POLPD

Figure 1 shows tracheal tube pressure distribu-
tion over time (T -T,). We defined a pressure over-
load index, M(P), as the product of mean pressure
and time at each phase:

ne)="P xt,
Pressure overload index =
f(Pt) = -2.677 + 0.032 Pressure t,+ 0.03
Pressure.t, + 0.02 Pressure,t, + 0.048 Pressure,t,

Logistic regression using these integrals showed
moderate fit (R?= 0.303). Model 3: pressure overload
index predicted POLPD (OR = 1.174, 95% Cl: 1.006-
1.370, P =0.041; Table 2). Model fit was acceptable
(Hosmer-Lemeshow x> = 12.680, P = 0.123). No multi-
collinearity: VIFs for the MN(P) variables were 1.000,
1.402, 3.597, and 3.040 (tolerance values: 1.000,
0.713, 0.278,0.329; all > 0.1); condition index 1.558;
eigenvalue 0.584. The pressure-overload index, de-
rived from the product of pressure and time across
four intraoperative phases, was significantly asso-
ciated with POLPD, and this association remained
stable upon five-fold cross-validation. These find-
ings suggest that cumulative mechanical stress may
contribute to the pathogenesis of POLPD.

Reliability assessment of the model based
on cross-validation

Five-fold cross-validation (Tables 3 and 4) showed
good model stability and fit.
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TABLE 3. Cross-validation for clinical risk factor model

Variable B SE Wald > (1] 95% Cl P
1 Female — narrow pharyngeal cavity 1.030 0.224 21.166 2.801 1.806—4.343 <0.001*
interaction factor®
High-risk surgical position® 0.730 0.211 12.008 2.075 1.806—4.343 <0.001*
2 Female — narrow pharyngeal cavity 1.407 0.233 36.377 4.085 2.586—6.455 <0.001*
interaction factor
High-risk surgical position 0.551 0.210 6.846 1.734 1.148-2.619 0.009*
3 Female — narrow pharyngeal cavity 1.162 0.227 26.214 3.197 2.049-4.988 <0.001*
interaction factor
High-risk surgical position 0.700 0.214 10.725 2.013 1.324-3.061 0.001*
4 Female — narrow pharyngeal cavity 1.245 0.231 28.972 1.918 1.267-2.905 <0.001*
interaction factor
High-risk surgical position 0.651 0.212 9.469 1.918 1.267-2.905 0.002*
5 Female — narrow pharyngeal cavity 1.123 0.227 24.460 3.074 1.970-4.798 <0.001
interaction factor
High-risk surgical position 0.605 0.213 8.071 1.831 1.206-2.779 0.004*
*P < 0,05.
Note: The interaction term in the clinical risk factor model was not pre-specified; see section Binary logistic regression analysis of clinical risk factors.
“Narrow pharyngeal cavity,"defined as any one of the three following signs: BMI = 30 kg m~?, thyromental distance < 6 cm, symptoms of OSA, or Mallampati grade > Ill.
*High-risk surgical position,” defined as prone position with 0—C2 angle exceeding the neutral range of 10—18°.
TABLE 4. Cross-validation for pressure overload model
Variable B SE Wald 2 OR 95% Cl P*
1 Pressure overload 2.157 0.234 85.275 8.643 5.468—13.660 <0.001*
2 2.024 0.227 79.748 7.569 4.854-11.802 <0.001*
3 2.169 0.233 86.712 8.750 5.543-13.813 <0.001*
4 2.070 0.231 80.538 7.929 5.045-12.462 <0.001*
5 2.125 0.232 83.594 8.370 5.308-13.198 <0.001*
Sensitivity analysis P <0.001), and pressure overload (OR 16.594, 95% Cl:

Sensitivity analysis by the intubation method
(Table 5): The video laryngoscope group (n=57) had
increased POLPD risk with anthropometry-related
factors (OR 2.6, 95% Cl: 1.328-5.090, P = 0.005), po-
sition-related factor (OR 5.160, 95% Cl: 2.445-10.890,

6.882-40.013, P < 0.001). Alternative devices group
(n=32) also showed significant risks: anthropometry
(OR 3.834,95% Cl: 2.321-6.336, P < 0.001), position
(OR 2.290, 95% ClI: 1.449-3.620, P < 0.001), pressure
overload (OR 6.286, 95% Cl: 3.679-10.741, P < 0.001).

TABLE 5. Subgroup study

IS T 7 T

Model 1
Video laryngoscope Female — narrow pharyngeal cavity 0.956 0.343 7771 26 1.328-5.090 0.005*
(n=57) interaction factor
High-risk surgical position 1.641 0.381 18.536 5.160 2.445-10.890 <0.001*
Alternative Female — narrow pharyngeal cavity 1.334 0.256 27.513 3.834 2.321-6.336 <0.001*
intubation devices® interaction factor
(n=32) High-risk surgical position 0.829 0.234 12.586 2.290 1.449-3.620 <0.001*
Model 2
Video laryngoscope Pressure 2.809 0.449 39.126 16.594 6.882-40.013 <0.001*
(n=57)
Alternative Pressure overload 1.838 0.273 45.241 6.286 3.679-10.741 <0.001*
intubation devicesa
(n=32)

*P < 0.05.
*Alternative intubation devices group included 29 participants intubated via direct laryngoscope, 2 via Shikani Optical Stylet, and 1 via fibrotic bronchoscope.
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DISCUSSION

This pilot study demonstrates the feasibility of
measuring tracheal tube contact pressure using
an adapted T-scan system and identifies simplified
clinical risk profiles for POLPD. As an exploratory in-
vestigation, our primary aim was hypothesis gene-
ration rather than establishing definitive predictive
models — a deliberate approach given the novel
measurement methodology.

The most significant finding is the first quantita-
tive evidence linking increased tracheal tube con-
tact pressure to POLPD. The pressure overload index
(OR = 1.174) should be interpreted in context: the
T-scan sensor captures pressure from discrete loci
rather than providing continuous circumferential
measurement. Therefore, this index serves as a proxy
for overall mechanical stress, likely representing
an underestimation. While not yet ready for clinical
application, this finding validates the pathophy-
siological concept and establishes real-time pres-
sure monitoring as a promising research direction.

Regarding clinical risk indicators, our findings
identify two key profiles: the “at-risk airway” (female
with narrow pharyngeal cavity) and the “at-risk po-
sition” (prone with non-physiological O-C2 angle).
The observation that all POLPD cases occurred in
prone-positioned patients underscores positioning
as a primary, modifiable risk factor. While anthropo-
metric factors are fixed, the intraoperative cervico-
occipital angle can be actively controlled. Our data
suggest that maintaining a neutral O-C2 angle dur-
ing prone spine surgery could mitigate POLPD risk.

METHODOLOGICAL CONSIDERATIONS AND CLINICAL
IMPLICATIONS

We defined POLPD as a composite endpoint
to capture its multifaceted nature, justified in this
early-phase investigation. Composite variables en-
hanced statistical power while avoiding overfitting.
Our focus on elective, non-critically ill patients iso-
lated anatomy and positioning contributions from
confounding inflammatory factors prevalent in ICU
populations.

The 39.1% POLPD incidence following elective
surgery with > 2 hours intubation underscores its
clinical significance. Our findings identify: (1) female
patients with “narrow pharyngeal cavity” characte-
ristics had a 3.26-fold increased odds of POLPD in
an exploratory interaction model (Model 2), sug-
gesting potential synergistic anatomical effects that
require prospective confirmation; (2) the prone po-
sition with O-C2 angles outside the neutral range
(10-18°) was associated with a 1.94-fold increased
risk. The pressure overload index showed a dose-
response relationship, supporting cumulative me-
chanical stress in POLPD pathogenesis.

Our findings align with previous literature. Fe-
male sex is a recognized risk factor for post-intuba-
tion complications [21]. Anatomical studies confirm
that female pharyngeal cavities are 10-30% smaller
[19, 20], with increased device injury susceptibility
[22]. Females exhibit higher upper airway resistance
and fat distribution, exacerbating pharyngeal nar-
rowing [22, 23]. The prone position’s effect on pha-
ryngeal hydrostatic pressure [24, 25], combined
with venous return compromise during neck hyper-
flexion/extension [15, 26], creates conditions favor-
able for POLPD development. O-C2 angle reduction
directly correlates with oropharyngeal space dimi-
nution [27, 28], supporting our positional findings.

While the O-C2 angle measurement in this study
was obtained from lateral X-rays — a method justi-
fied by the need to precisely document the surgical
positioning, particularly for patients undergoing
posterior cervical spine surgery, where such imag-
ing is part of routine care — we acknowledge that
this requirement may limit the bedside applicability
of this risk indicator in everyday anesthetic practice.
In our cohort, X-rays were also obtained for some pa-
tients who would not normally require them, solely
for research purposes. Therefore, although the quan-
titative O-C2 angle is a strong predictor of POLPD,
its reliance on radiography makes it less accessible
to anesthesiologists at the bedside. To bridge this
gap, future research should explore simple clinical
surrogates that can estimate extreme neck positions
without imaging. For instance, measurements such
as the distance between the chin and the sternum,
or the angle of the neck relative to the torso, might
serve as practical proxies for detecting non-physio-
logical O-C2 angles. Even in the absence of precise
quantification, the key message for clinicians is to
avoid excessive flexion or extension of the head and
neck during prone positioning, as our data suggest
that maintaining a neutral alignment may reduce
POLPD risk. Thus, while the O-C2 angle itself may
not be directly measurable in all settings, the con-
cept of avoiding extreme neck positions remains
a valuable and easily implementable precaution.

LIMITATIONS AND FUTURE DIRECTIONS

This study has limitations that should be con-
sidered when interpreting its findings. First, while
the composite endpoint for POLPD enhances clini-
cal relevance, it may introduce reporting bias due
to the condition’s heterogeneous presentations.
Second, the single-center design and sample size,
though carefully determined to ensure methodo-
logical feasibility and patient safety in this novel in-
vestigation, limit the generalizability of our results.
Third, the intermittent fluoroscopic measurement
of O-C2 angles may have missed dynamic posi-
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tional changes during surgery. Most importantly,
the adapted T-scan system, while innovative, cap-
tures pressure from discrete sensor areas rather than
providing circumferential measurement of the en-
tire tube-tissue interface. This methodological
characteristic explains both the modest effect size
of the pressure overload index and why this study
appropriately establishes an association rather
than definitive predictive thresholds. Furthermore,
the sex-by-narrow-pharynx interaction term in
Model 2 was introduced as a post-hoc exploratory
analysis after Model 1 failed calibration and was not
pre-specified in the study protocol; therefore, these
findings should be interpreted with caution and
require replication in an independent sample. Fu-
ture research should focus on developing dedicated
endotracheal pressure monitoring systems, imple-
menting continuous cervical angle assessment,
and validating these findings in larger, multicenter
cohorts. Once such real-time monitoring becomes
available, anesthesiologists could respond to high-
pressure readings by taking corrective actions, such
as adjusting the patient’s head position to relieve
focal pressure or considering alternative airway de-
vices. These interventions, guided by real-time feed-
back, may help prevent the development of POLPD
and enhance airway protection.

CONCLUSIONS

This study provides quantitative evidence link-

ing tracheal tube contact pressure to POLPD. Two
principal risk profiles were identified: females with
a narrow pharyngeal cavity and patients in a prone
position with a non-physiological O-C2 angle.
A derived pressure-overload index demonstrat-
ed a significant dose-response relationship with
POLPD. The study’s principal contributions lie in its
innovative pressure monitoring methodology and
the identification of readily assessable clinical risk
factors, establishing a foundation for targeted air-
way protection strategies.
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