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Abstract
Background
Poor oral hygiene in patients with tracheal intubation will increase the occurrence of dental plaque and mucosal inflammation, resulting in oral barrier dysfunction. This study aimed to design and evaluate a novel double-lumen endotracheal tube (DETT) and explore its role in infection control, particularly its effects on the oral microenvironment and ventilator-associated pneumonia (VAP).

Methods
This was a prospective, non-blinded, randomized parallel-controlled trial conducted from July 2024 to September 2024. A total of 115 patients who had been intubated for more than 3 days in a tertiary hospital ICU were enrolled and randomly assigned to either the DETT group (n = 58) or the conventional endotracheal tube (ETT) group (n = 57). Both groups received the same oral care protocols. The DETT group was intubated with the double-lumen endotracheal tube, which included a built-in bite block, while the ETT group used a standard endotracheal tube with a bite block. The primary outcome was the incidence of VAP, while secondary outcomes included oral bacterial colony counts, biofilm formation, BOAS oral health scores, and plaque index.

Results
Compared to the ETT group, the DETT group showed a significant reduction in VAP incidence (χ²=4.382, p < 0.05). The DETT group also had significantly lower oral bacterial colony counts (Z=-7.362, P < 0.05) and biofilm formation (χ²=5.472, p < 0.05), as well as better BOAS scores (Z=-2.774, p < 0.05). However, there were no significant differences between the two groups in pathogenic bacterial presence or plaque index (p > 0.05).

Conclusions
The novel double-lumen endotracheal tube effectively reduces the total bacterial load in the oral cavity, inhibits biofilm formation, and lowers the incidence of VAP. It also improves oral function and hygiene, contributing to infection control, and holds significant clinical value.
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Introduction
Endotracheal intubation is a critical medical procedure in which a tube is inserted through the mouth into the trachea to help critically ill patients maintain airway patency and respiratory function. Due to its rapid and effective application, it has become a commonly used method of assisted ventilation in emergency care, surgeries, and critical care settings. However, one of the most common complications associated with orotracheal ventilation is ventilator-associated pneumonia (VAP), which accounts for 25% of all hospital-acquired infections in intensive care units (ICUs) [1]. VAP is defined as a pulmonary infection that occurs in patients who have been on invasive mechanical ventilation for more than 48 h. Several factors contribute to its development, including altered oropharyngeal colonization, increased dental plaque, antibiotic use, and aspiration [2, 3].
The oral cavity is an open system constantly exposed to microorganisms through breathing, as well as close contact with other people, animals, and the environment. As a warm, moist, and nutrient-rich ecosystem, it provides an ideal habitat for approximately 760 species of microorganisms to thrive [4]. Prolonged intubation significantly disrupts the oral microenvironment, leading to complications such as reduced saliva secretion and decreased pH levels. These conditions promote the accumulation and proliferation of pathogenic microorganisms, increasing the risk of colonization [5]. If unmanaged, these changes may trigger the onset of VAP, prolong hospitalization, and complicate overall treatment [6].
Maintaining oral hygiene in intubated patients is more challenging than in non-intubated patients. For those on mechanical ventilation, the combination of the endotracheal tube and bite block presents dual barriers that limit the depth of oral cleaning tools, restrict movement, and reduce the overall cleaning range. The bite block is hollow and cylindrical, which results in poor compatibility with the shape of the endotracheal tube. This leads to areas that are inaccessible, particularly in gaps between the palate, inner tooth surfaces, and the tube itself. These uncleanable areas become “blind spots” for oral care, significantly increasing the risk of infection and creating opportunities for antibiotic-resistant bacteria to develop. Early-stage infection rates can reach as high as 29.5% [7].
Reducing oral infections, addressing the disruption of the oral microenvironment caused by orotracheal intubation and maintaining the barrier function of the oral cavity are critical challenges. In most cases, infections are caused by aspiration of oropharyngeal flora or pathogen colonization [3]. Poor oral hygiene in intubated and critically ill patients increases the likelihood of dental plaque accumulation and mucosal inflammation, which serve as potential sources for VAP. This condition can worsen poor oral hygiene, increase mucosal inflammation, and create a vicious cycle [8]. The cost attributable to VAP has been reported to be as high as $40,144 (95% CI, $36,286 to $44,220) [9]. In critically ill patients, dental plaque can accumulate rapidly, providing a reservoir for microbial pathogens and increasing the risk of descending infections [10, 11]. In one study, 80% of oral culture samples from mechanically ventilated patients revealed high bacterial loads [12], and VAP-associated pathogens have been strongly linked to oral colonization [13], with mortality rates ranging between 20% and 30% [14]. Therefore, understanding changes in the oral microbiota of intubated patients is crucial for preventing or managing VAP in ICU settings.
Our research team has developed a novel double-lumen endotracheal tube (DETT) aimed at improving oral hygiene and maintaining the health of the oral microbiota in critically ill patients, thereby reducing the risk of infection. The product has completed development and has been granted a patent (Utility Model Patent No. ZL 2019 2 0198455.7). In this prospective, non-blinded, randomized parallel-controlled trial, we compared the innovative DETT with conventional endotracheal tubes in ICU patients. The study aimed to evaluate the impact of the DETT on oral infections, specifically its effects on biofilm formation, bacterial colonization, and the incidence of VAP, to assess its potential for maintaining oral health in critically ill patients, and to provide new clinical practice guidelines.

Methods
Study design
This study was a prospective, single-center, non-blinded, randomized controlled clinical trial. Informed consent was obtained from all participants or their authorized representatives.

Participants
The subjects of this study were all patients from the ICU of Jiaxing University Affiliated Hospital in China, who underwent mechanical ventilation via ventilators and met the inclusion criteria between July and September 2024. Inclusion criteria were age ≥ 18 years, admission to the ICU with mechanical ventilation for ≥ 3 days, no significant oral injuries or bleeding, presence of ≥ 15 natural teeth, no contraindications to elevating the head of the bed to 30° or performing oral care. Exclusion criteria were fever of 238.5 °C within 24 h after intubation, patients with a pre-existing clinical diagnosis of VAP, history of oropharyngeal, tracheal, or esophageal trauma or surgery, severe immunosuppression, including organ transplant recipients, patients with neutropenia, or those with advanced-stage malignant tumors.

Sample size
The sample size was calculated using the G*Power (version 3.1) software program [15]. Based on the incidence of ventilator-associated pneumonia (VAP) reported in relevant RCT studies [14], the observation group had 17 patients and the control group had 35 patients, with 84 patients in each group. With an alpha level of 0.05 and statistical power of 90%, the power analysis indicated that at least 103 patients should be included in each group. Considering a 15% dropout rate, a total of 115 patients were required for this study.

Randomization
The 115 patients included in this study were randomly assigned to two groups by an individual not involved in the research. Randomization was conducted using software-generated random numbers (from 1 to 115) (http://​www.​randomizer.​org/​form.​htm), with a 1:1 allocation ratio to the observation group (DETT group) and the control group (ETT group). Both the researchers and ICU nurses were blinded to group assignments. The study adhered to the CONSORT guidelines throughout the process.

Design structure
The double-sleeve endotracheal tube (Fig. 1-B) is an improved version of the traditional endotracheal tube, consisting of an endotracheal tube (1) and a bite block (2). Its key feature is the modification of the positional relationship between the endotracheal tube and the bite block, from parallel alignment to a nested configuration. The bite block (2) is a short tube that fits over the outside of the endotracheal tube. The design also includes a buckle (10) and a fixation strap (4). The buckle (10) is connected to the upper edge of the bite block via a strap (8), and its inner diameter matches the outer diameter of the endotracheal tube. The upper ends of the bite block feature two ear slits (6, 11), with one end of the fixation strap (4) attached to one ear slit (6) and the other end serving as the tail. The tail end of the strap has a Velcro patch (5).
The endotracheal tube and its cuff are made of polyvinyl chloride (PVC), while the bite block and tube connector are made of polypropylene. Each unit is individually packaged, sterilized using ethylene oxide, and intended for single-use only.
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Fig. 1Double-sleeve endotracheal tube model. (1) Tracheal tube (2) Bite block (3) Bite block stop (4) Fixation strap (5) Nylon adhesive strip (6) Ear slit (7) Semicircular tube (8) Strap (9) Tracheal tube interface (10) Buckle (11) Ear slit (12) Cuff inflation tube



Data collection instrument
Data were collected using a demographic questionnaire, and disease severity was measured using the Acute Physiology and Chronic Health Evaluation II (APACHE II) score. Oral hygiene status was assessed through biofilm formation, microbial analysis, dental plaque measurement, and the modified Beck Oral Assessment Scale (BOAS). Ventilator-associated pneumonia (VAP) was diagnosed based on the Modified Clinical Pulmonary Infection Score (MCPIS).

General information questionnaire
The general information questionnaire included the following items: indication for intubation, mechanical ventilation (MV) mode, positive end-expiratory pressure (PEEP) parameters, gender, age, occupation, body mass index (BMI), APACHE II score, consciousness assessment, smoking history, comorbidities, length of ICU stay, duration of MV, duration of antibiotic use, saliva volume, and oral bacterial count.

Acute physiology and chronic health evaluation II (APACHE II)
Disease severity was assessed using the APACHE II scoring system [16] at the time of ICU admission. The APACHE II is one of the most widely used scoring systems in the ICU for grading disease severity and predicting in-hospital mortality. It evaluates patients’ acute physiological status and chronic health conditions, with a total score ranging from 0 to 71. The score is composed of three categories: an acute physiology score (12 parameters), a chronic health score, and an age factor, which are summed to produce the final score. A higher score indicates more severe illness, worse prognosis, and a higher likelihood of mortality [17].

Biofilm detection
After extubation, the endotracheal tubes were sent to the laboratory for examination. Laboratory personnel used scanning electron microscopy (SEM) to observe the surfaces of the endotracheal tube or bite block for the presence of extensive fibrous membrane-like structures, which served as the basis for determining biofilm formation [18]. Biofilm was confirmed if the surface of the endotracheal tube or bite block was covered with a substantial amount of fibrous membrane, with visible reticular cracks, a three-dimensional structure, and a significant bacterial attachment.

Microbial colony count
Before oral cleaning, 1 mL of saliva was collected post-extubation and sent to the laboratory for analysis. The samples were obtained by nurses from between the canine and first molar of the lower arch of each patient. Laboratory personnel used sterile pipettes to inoculate the saliva samples onto culture media for bacterial isolation, followed by qualitative and quantitative microbial assessments. A 0.1 mL sample was taken each time for semi-quantitative comparison. The culture medium used was CHROMagar Orientation (PLASTLABOR), a widely applied general-purpose medium for isolating various microorganisms, with microbial identification based on colony count comparisons.

Dental plaque index
The dental plaque index is an indicator used to assess the cleanliness of teeth and the degree of plaque accumulation [19]. After patients underwent suctioning and extubation, a plaque disclosing agent was applied to detect plaque across all tooth surfaces, with fluorescent spots indicating plaque presence.
The scoring system designed by Turesky et al., commonly used internationally, was adopted. The index grades plaque accumulation from 0 to 5, with the following scale:
0: No plaque on the tooth surface.
1: Small spots of plaque at the gingival margin of the tooth.
2: Plaque width at the gingival margin ≤ 1 mm.
3: Plaque staining band > 1 mm but covering less than 1/3 of the tooth surface.
4: Plaque covering 1/3 to 2/3 of the crown surface.
5: Plaque covering ≥ 2/3 of the tooth surface.
The dental plaque index is calculated by dividing the total plaque score by the number of teeth examined. The plaque removal rate is calculated using the formula: (pre-experiment plaque index - post-experiment plaque index) / pre-experiment plaque index.

Beck oral assessment scale (BOAS)
The modified Beck Oral Assessment Scale (BOAS) was used to evaluate oral health in intubated patients after they had undergone suctioning and extubation. In a pilot study with 60 questionnaires, the BOAS demonstrated a good reliability with a Cronbach’s alpha of 0.791. This scoring system is specifically designed for assessing oral health, particularly in critically ill patients, including those receiving mechanical ventilation in the ICU [20].
BOAS evaluates five independent aspects of oral health: lips, gums and oral mucosa, tongue, teeth, and saliva. Each aspect is scored through visual inspection, with scores ranging from 1 to 4. The total score ranges from 5 to 20, where higher scores indicate poorer oral health conditions.

Modifed clinical pulmonary infection score (MCPIS)
The Modified Clinical Pulmonary Infection Score (MCPIS) was utilized to diagnose ventilator-associated pneumonia (VAP) in this study. This scoring system is widely used in ICU settings to facilitate early diagnosis and management of VAP, enabling clinicians to adjust interventions accordingly. ICU physicians assessed patients on day 1 and day 3 following intubation. MCPIS is specifically designed to evaluate the likelihood of VAP in mechanically ventilated patients. The total score ranges from 0 to 10, with a score below 6 indicating the absence of VAP, and a score of 6 or higher suggesting the presence of VAP [21].
The scoring system consists of five parameters: body temperature, white blood cell count, secretions, PaO2/FiO2 ratio, and chest X-ray findings (Table 1).
Table 1The modified clinical pulmonary infection score


	CPIS Points
	0
	1
	2

	Tracheal secretions
	Rare
	Abundant
	Abundant + purulent

	Chest X-ray infiltrates
Temperature, ℃
	No infiltrate
≥ 36.5 and ≤ 38.4
	Diffused
≥ 38.5 and ≤ 38.9
	Localized
≥ 39 or ≤ 36

	Leukocytes count, per mm3
	≥ 4,000 and ≤ 11,000
	< 4,000 or > 11,000
	< 4,000 or > 11,000 + band forms ≥ 500

	PaO2 /FiO2, mmHg
	> 240 or ARDS
	-
	≤ 240 and no evidence of ARDS

	Microbiology
	Negative
	-
	Positive


ARDS = acute respiratory distress syndrome; CPIS = clinical pulmonary infection score




Protocol
All intubations were performed by a team of experienced intensivists, each with at least 300 successful intubations. The observation group (DETT group) used the double-sleeve endotracheal tube device, while the control group (ETT group) used conventional endotracheal tubes. After intubation, oral care procedures were identical in both groups, with intermittent subglottic suctioning. Oral care involved using compound chlorhexidine mouthwash (1.2 mg/mL) every 6 h (Q6H). During care, the head of the bed was elevated to 30°–45°, and a disposable negative pressure suction toothbrush was used for both rinsing and brushing the oral cavity.
Patient demographic information was collected from family members using a general information questionnaire after intubation. To ensure the accuracy and completeness of the dataset, strict quality control measures were applied throughout the data analysis process. All researchers underwent standardized training and assessment before participating in the study. Additionally, a double-entry system with two rounds of data verification was employed, with any errors or discrepancies immediately reported to the relevant researchers for correction and clarification.

Data analysis
The data were analyzed using SPSS version 25 (SPSS Inc., Chicago, IL, USA). Continuous variables with a normal distribution were expressed as mean ± standard deviation, while non-normally distributed variables were expressed as median. Qualitative variables were presented as percentages. For comparisons of continuous variables, either the t-test or non-parametric tests were applied. Categorical variables were summarized as numbers and percentages, and compared using the χ² test or Fisher’s exact test.

Ethical considerations
The ethical guidelines for this study were registered and approved by the Human Ethics Research Committee of Jiaxing University Affiliated Hospital (EC Nr: LS2021-KY-201-02). Before initiating the study procedures, the research objectives and processes were briefly explained to the patients, and a written informed consent form was provided. All patients who participated in the study signed the informed consent form prior to enrollment.


Results
Outcome measures
Comparison of patient characteristics
After applying the inclusion, exclusion, and elimination criteria, a total of 58 patients were included in the DETT group and 57 in the ETT group (Fig. 2). There were no significant differences in baseline characteristics between the two groups (Table 2), and 115 patients successfully completed the study. No intubation failures occurred during the procedure. Two patients in the DETT group and three patients in the ETT group did not complete the observation due to changes in their clinical conditions. The baseline characteristics of both groups were comparable (p > 0.05) (Table 3, 4 and 5).
[image: ]
Fig. 2Patient inclusion and exclusion flowchart


Table 2Characteristics of patients at baseline


	Characteristics
	DETT group (n = 58)
	ETT group (n = 57)
	Z/χ2
	p value

	Indication for intubation, n(%)
	 	 	 	0.861a

	 Respiratory failure
	27(46.55)
	30(52.63)
	 	 
	 Altered mental status
	22(37.93)
	18(31.58)
	 	 
	 Airway obstruction
	6(10.34)
	7(12.28)
	 	 
	 Haemodynamic instability
	3(5.17)
	2(3.51)
	 	 
	Type of mechanical breaths, n (%)
	 	 	1.465
	0.226

	 Volume control
	36(62.07)
	29(50.88)
	 	 
	 Pressure control
	22(37.93)
	28(49.12)
	 	 
	PEEP[cmH₂O, M(P25, P75)]
	4.00(4.00,5.25)
	5.00(4.00,5.50)
	-0.669
	0.504

	Sex, n(%)
	 	 	0.076
	0.783

	 Male
	46(79.31)
	44(77.19)
	 	 
	 Female
	12(20.69)
	13(22.81)
	 	 
	Age[year, M(P25, P75)]
	68.50(55.00,77.00)
	71.00(62.50,79.00)
	-1.548
	0.122

	Occupation, n (%)
	 	 	 	0.513a

	 Farmer
	30(51.72)
	27(47.37)
	 	 
	 Worker
	3(5.17)
	6(10.53)
	 	 
	 Retired
	15(25.86)
	18(31.58)
	 	 
	 Freelance
	10(17.24)
	6(10.53)
	 	 
	BMI[kg/m², M(P25, P75)]
	22.92(18.65,24.16)
	22.49(20.72,24.46)
	-0.523
	0.601

	APACHE II[scores, M(P25, P75)]
	16.00(12.00,22.00)
	15.00(11.00,20.00)
	-0.462
	0.644

	Consciousness, n (%)
	 	 	0.450
	0.502

	 Conscious
	31(53.45)
	34(59.65)
	 	 
	 Unconscious
	27(46.55)
	23(40.35)
	 	 
	Smoking status, n (%)
	 	 	0.028
	0.866

	 Yes
	44(75.86)
	44(77.19)
	 	 
	 No
	14(24.14)
	13(22.81)
	 	 
	Comorbidities *, n (%)
	 	 	2.708
	0.100

	 Yes
	44(75.86)
	50(87.72)
	 	 
	 No
	14(24.14)
	7(12.28)
	 	 
	ICU Length of Stay[d, M(P25, P75)]
	7.50(6.00,9.00)
	8.00(6.00,10.00)
	-0.254
	0.800

	The number of days of intubation[d, M(P25, P75)]
	6.00(4.75,7.00)
	5.00(4.00,7.00)
	-1.762
	0.078

	Antibiotic days[d, M(P25, P75)]
	7.00(4.50,9.00)
	6.00(0.00,8.00)
	-0.953
	0.341

	Saliva volume[ml, M(P25, P75)]
	2.90(2.24,3.50)
	2.86(2,21,3.27)
	-0.655
	0.512

	Bacterial count[CFU/mL, M(P25, P75)]
	0.98(0.89,1.11)×108
	1.02(0,90,1.17)×108
	-0.907
	0.365


*Comorbidities include diabetes, hypertension, and coronary artery disease
a indicates Fisher’s exact test



Table 3Outcomes of oral infection indicators


	Outcome
	DETT group
(n = 58)
	ETT group
(n = 57)
	Z/χ2
	p value

	Primary outcome
	 	 	 	 
	VAP, n(%)
	5(8.62)
	13(22.81)
	4.382
	0.036

	Secondary outcomes
	 	 	 	 
	Total number of biofilm formation, n(%)
	19(32.76)
	31(54.39)
	5.472
	0.019

	Biofilm formation: Endotracheal intubation, n(%)
	12(20.69)
	21(36.84)
	 	 
	Biofilm formation: Bite block, n(%)
	7(12.07)
	10(17.54)
	 	 
	Bacterial count [CFU/mL, M(P25, P75)]
	4.27(3.63,5.31)×108
	7.16(6.05,7.67)×108
	-7.362
	<0.001

	BOAS [scores, M(P25, P75)]
	5.00(5.00,5.00)
	5.00(5.00,6.00)
	-2.774
	0.006

	Plaque Index [scores, M(P25, P75)]
	0.00(0.00,1.00)
	0.00(0.00,1.50)
	-0.195
	0.845




Table 4Comparison of the number of patients with Pathogenic Bacteria in the oral cavity


	Outcome
	DETT group(n = 58)
	ETT group
(n = 57)
	χ2
	p value

	Total number of patients, n(%)
	10(17.24)
	18(31.58)
	3.208
	0.073

	Streptococcus pneumoniae, n(%)
	0
	0
	-
	-

	Haemophilus influenzae, n(%)
	0
	0
	-
	-

	Staphylococcus aureus, n(%)
	5(8.62)
	8(14.04)
	0.841
	0.359

	Pseudomonas aeruginosa, n(%)
	4(6.89)
	7(12.28)
	0.963
	0.326

	Enterobacter cloacae, n(%)
	0
	0
	-
	-

	Escherichia coli,, n(%)
	0
	0
	-
	-

	Candida albicans, n(%)
	1(1.72)
	2(3.51)
	-
	0.618a

	Acinetobacter Baumannii, n(%)
	0
	1(1.75)
	-
	0.496a


a indicates Fisher’s exact test



Table 5Stratified Analysis of Total Bacterial Count, BOAS Score, and VAP in patients with different disease risk levels. Stratified analysis was performed based on the median APACHE II score of 16, following methods used in other studies [22]. Patients were divided into subgroups: low-risk (APACHE II < 16) and medium-to-high risk (APACHE II ≥ 16)


	 	Low risk
APACHE II<16(n = 54)
	Moderate and high risk
APACHE II≥16(n = 61)

	Characteristics
	DETT group
(n = 25)
	ETT group
(n = 29)
	DETT group
(n = 33)
	ETT group
(n = 28)

	Bacteria count (CFU/mL,[image: $$\bar x$$]±s)
	4.50 ± 1.26 × 108
	7.09 ± 1.37 × 108
	4.33 ± 1.42 × 108
	6.72 ± 1.29 × 108

	t
	-7.158
	-6.842

	pvalue
	<0.001
	<0.001

	BOAS [scores, M(P25, P75)]
	5.00(5.00,5.00)
	5.00(5.00,6.00)
	5.00(5.00,5.50)
	5.50(5.00,6.00)

	Z
	-1.899
	-2.339

	pvalue
	0.058
	0.019

	VAP, n(%)
	3(12.00)
	4(13.79)
	2(6.06)
	9(32.14)

	χ2
	-
	6.972

	pvalue
	0.100a
	0.008


a indicates Fisher’s exact test






Discussion
Research studies both domestically and internationally have shown that the incidence of ventilator-associated pneumonia (VAP) ranges from 5 to 55.26% [14, 23, 24]. In this study, the proportion of patients who developed VAP was 8.62% in the DETT group and 22.81% in the ETT group, with the ETT group having 2.6 times the risk of developing VAP compared to the DETT group, consistent with findings worldwide. Current nursing research primarily focuses on improving VAP rates through the use of modified mouthwashes, oral care tools, intubation methods, and head-of-bed elevation [25]. However, studies on endotracheal tubes and bite blocks mainly focus on reducing pressure injuries, with few attempts to reduce VAP by optimizing the overall structure and spatial relationship between the endotracheal tube and bite block [26].
The findings of this study suggest that the double-sleeve endotracheal tube offers advantages in controlling oral infections in ICU patients, primarily by improving the design to minimize hygiene dead spaces. Maintaining oral hygiene in mechanically ventilated patients has been shown to reduce VAP incidence [14]. The double-sleeve endotracheal tube addresses the limitations of traditional tubes in oral cleaning and monitoring, reducing bacterial adhesion and biofilm formation on the tube surface. This, in turn, lowers the risk of infection, providing a novel approach to infection control.
First, the double-sleeve tube design effectively prevents bacterial adhesion and biofilm formation. Biofilms form on endotracheal tubes, especially in patients with prolonged intubation, sheltering pathogens and making it difficult for antibiotics to eradicate infections [24]. Research shows that biofilm and oral bacteria accumulate rapidly in patients intubated for more than 48 h, significantly increasing VAP risk [27]. This study supports that finding: the total bacterial count in the ETT group was 7.16 × 10^8 CFU/mL, significantly higher than in the DETT group, and biofilm incidence in the ETT group was 54.39%, 1.7 times higher than in the DETT group. Inhibiting biofilm formation may play a critical role in reducing VAP incidence. By modifying the arrangement of the bite block and tube, the double-sleeve tube reduces the surface area exposed to the oral cavity, decreasing microbial adhesion and controlling bacterial load.
Secondly, the study found that patients using the double-sleeve endotracheal tube had better oral hygiene outcomes. The BOAS score in the DETT group was significantly lower than in the ETT group (Z = -2.774, p < 0.05), positively impacting overall oral health and further reducing the risk of lung infections. The double-sleeve tube allows more space in the oral cavity, enhancing tongue mobility and improving oral environment and function. Intubated patients often have multiple open pathways, leading to impaired mucosal hydration and reduced antimicrobial substance production. This study may help mitigate these issues by reducing excessive air exposure from dual channels [28].
Moreover, intubated patients often face challenges in oral hygiene due to incomplete oral wiping and insufficient secretion removal, which leads to bacterial growth. Various deposits in deep and hidden areas of the oral cavity are difficult to clean, resulting in bacterial adhesion [24]. The endotracheal tube and bite block create “blind spots,” complicating the cleaning of areas like the sublingual, tongue base, oropharynx, and both sides of the cheeks [29]. The double-sleeve endotracheal tube developed in this study reduces oral care difficulties by providing more space for tools like toothbrushes and swabs, facilitating thorough rinsing, improving secretion drainage, and reducing dental plaque and bacterial accumulation.
Nevertheless, this study found no significant difference in the number of patients carrying pathogenic bacteria between the two groups (p > 0.05), indicating the intervention did not significantly reduce pathogen presence. The primary oral pathogens identified in both groups were Staphylococcus aureus, Pseudomonas aeruginosa, Candida albicans, and Candida tropicalis. Research has shown that the oral microbiome structure of intubated patients differs significantly from healthy individuals, with intubated patients exhibiting a distorted microbiome [30]. These pathogens are either absent or present in minimal quantities in healthy individuals [31]. In intubated patients, Staphylococcus aureus and Acinetobacter baumannii are opportunistic pathogens that primarily infect critically ill patients, leading to nosocomial infections, most commonly VAP or central venous catheter-related bloodstream infections [32]. These bacteria are major VAP pathogens in some Asian countries [33, 34].
Identifying the appropriate target population for the double-sleeve endotracheal tube is a key issue. Stratified analysis based on risk revealed that as APACHE II scores increased, so did VAP incidence and patient mortality rates [25, 35]. Compared to the low-risk group, medium-to-high risk patients (APACHE II score ≥ 16) using the double-sleeve endotracheal tube had significantly lower oral bacterial counts, BOAS scores, and VAP incidence. This suggests that the double-sleeve endotracheal tube holds promise for critically ill patients.
While the double-sleeve tube does not have strong antimicrobial properties on its own, combined with effective oral care, it can significantly reduce oral pathogen load. This intervention plays a role in minimizing infection sources and interrupting transmission chains. Studies have shown that endotracheal tubes often act as vectors for infection, with the highest VAP risk occurring between 48 h post-intubation and 48 h post-extubation [36]. A review of previous research shows that standard ICU care for mechanically ventilated patients often focuses on basic nursing, neglecting oral and oropharyngeal hygiene [20, 37, 38]. Providing easily cleaned endotracheal tubes and bite blocks offers an effective non-pharmacological intervention, addressing the limitations of conventional oral care in ICU patients. This approach presents a practical solution for improving oral hygiene in mechanically ventilated patients and reducing infection risks.
Despite the demonstrated effectiveness of the double-sleeve endotracheal tube in this study, several limitations should be noted. First, the study was conducted at a single center with a relatively small sample size, which may limit the generalizability of the findings. Second, the use of antibiotics could have significantly reduced species diversity and increased the relative abundance of certain bacterial groups. Since most patients were receiving antibiotic therapy, the impact of antibiotics on oral microbiome diversity may have influenced the results, necessitating further investigation. Additionally, while the study showed a significant reduction in total bacterial load, it did not significantly reduce the number of pathogenic bacteria. Future improvements, such as the development of antimicrobial coatings on the endotracheal tube, may enhance the product’s efficacy. Furthermore, the study primarily focused on short-term outcomes. The long-term safety and efficacy of the double-sleeve endotracheal tube still require validation through larger-scale studies and extended follow-up.

Conclusions
This study is the first to confirm the potential benefits of the double-sleeve endotracheal tube in reducing oral infections, inhibiting biofilm and dental plaque formation, and lowering the incidence of ventilator-associated pneumonia (VAP) in ICU patients. Its innovative design not only improves the quality of endotracheal tube-related oral care but also provides a novel intervention for healthcare providers. The clinical application of the double-sleeve endotracheal tube offers a new approach for protecting the oral microenvironment, enhancing care quality, and promoting oral health in patients. Additionally, subgroup analysis demonstrated that its use is particularly advantageous in patients with higher disease severity, highlighting its greater clinical value for critically ill populations.
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