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  BACKGROUND:    Improvements in the design of the endotracheal tube (ETT) have been achieved 

in recent years. We evaluated tracheal injury associated with ETTs with novel high-volume 

low-pressure (HVLP) cuff s and subglottic secretions aspiration (SSA) and the eff ects on muco-

ciliary clearance (MCC). 

  METHODS:    Twenty-nine pigs were intubated with ETTs comprising cylindrical or tapered cuff s 

and made of polyvinylchloride (PVC) or polyurethane. In specifi c ETTs, SSA was performed 

every 2 h. Following 76 h of mechanical ventilation, pigs were weaned and extubated. Images 

of the tracheal wall were recorded before intubation, at extubation, and 24 and 96 h thereaft er 

through a fl uorescence bronchoscope. We calculated the red-to-green intensity ratio (R/G), an 

index of tracheal injury, and the green-plus-blue (G 1 B) intensity, an index of normalcy, of the 

most injured tracheal regions. MCC was assessed through fl uoroscopic tracking of radiopaque 

markers. Aft er 96 h from extubation, pigs were killed, and a pathologist scored injury. 

  RESULTS:    Cylindrical cuff s presented a smaller increase in R/G vs tapered cuff s ( P   5  .011). 

Additionally, cuff s made of polyurethane produced a minor increase in R/G ( P   5  .012) and less 

G 1 B intensity decline ( P   5  .022) vs PVC cuff s. Particularly, a cuff  made of polyurethane and 

with a smaller outer diameter outperformed all cuff s. SSA-related histologic injury ranged 

from cilia loss to subepithelial infl ammation. MCC was 0.9  �  1.8 and 0.4  �  0.9 mm/min for 

polyurethane and PVC cuff s, respectively ( P   ,  .001). 

  CONCLUSIONS:    HVLP cuff s and SSA produce tracheal injury, and the recovery is incomplete 

up to 96 h following extubation. Small, cylindrical-shaped cuff s made of polyurethane cause less 

injury. MCC decline is reduced with polyurethane cuff s.      CHEST  2015;  147 ( 5 ): 1327 - 1335  
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  ABBREVIATIONS:  ETT  5  endotracheal tube; G 1 B  5  green plus blue; 
HVLP  5  high volume low pressure; MCC  5  mucociliary clearance; 
PVC  5  polyvinylchloride; R/G  5  red-to-green intensity ratio; SSA  5  
subglottic secretions aspiration; VAP  5  ventilator-associated pneumonia 
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  Several improvements in the design of the endotracheal 

tube (ETT) have been achieved in recent years.  1   

Critically ill patients are often intubated with ETTs 

comprising tapered  2   or polyurethane cuff s.  3   Th ese novel 

cuffs have shown enhanced sealing effectiveness  2-8   

compared with standard high-volume low-pressure 

(HVLP) cuffs of cylindrical shape and made of poly-

vinylchloride (PVC). Additionally, some ETTs are 

designed for subglottic secretions aspiration (SSA). 

In two clinical studies,  9,10   patients intubated with ETT 

comprising polyurethane cuff s were at lower risk of 

developing ventilator-associated pneumonia (VAP). 

Likewise, there is compelling evidence that SSA decreases 

the risk of VAP.  11   

 Nevertheless, the safety of these novel ETTs has not 

been extensively evaluated. We have demonstrated  7   that 

HVLP cuffs inflated at the clinically recommended 

pressure range might transmit high pressure against the 

trachea. In particular, we found that folds form along 

the cuff ’s surface, and the tracheal mucosa adjacent to a 

fold could be subject to potentially harmful transmitted 

pressure. As for the safety of SSA, only a few studies 

have shown tracheal injury associated with SSA, 

particularly when few secretions are present within 

the subglottic region  12   or when continuous aspiration 

is applied.  13,14   Finally, infl ation of the cuff  impairs the 

mucociliary escalator.  15   Th e eff ects of these novel cuff s 

on the mucociliary clearance (MCC) rate, however, is 

largely unknown. Th us, we designed this prospective 

randomized study to evaluate in tracheally intubated 

pigs the eff ects of commercially available HVLP cuff s 

on tracheal injury, MCC, and prevention of leakage 

across the cuff. Additionally, injury associated with 

intermittent SSA was assessed. 

 Materials and Methods 

 Th e institutional ethics committee approved the protocol. Animals were 

managed according to the guidelines for the use and care of laboratory 

animals.  16   Further methodologic details are provided in  e-Appendix 1 . 

 Randomization and Animal Handling 

 Large White-Landrace pigs (37.3  �  3.6 kg) were randomized to be 

intubated with one of the ETTs listed in  Table 1    connected to a mechanical 

ventilator (SERVO-i; MAQUET Holding BV & Co KG) and ventilated 

as previously reported.  17   Anesthesia was maintained through infusion 

of propofol and remifentanil. Gases were conditioned to 37°C with 

a heated humidifi er (Hudson RCI Conchatherm III; Telefl ex Incorpo-

rated). Th e internal ETT cuff  pressure was maintained at 28 cm H 2 O 

through a mechanical device  18   to optimize sealing effi  cacy  7   while avoid-

ing tracheal ischemia.  19-24   In ETTs with SSA, the patency of the suction 

lumen was tested every 2 h and secretions aspirated with a syringe. 

In case of resistance upon aspiration, 10 mL air was insufflated into 

the suction lumen, and aspiration was attempted one additional time 

only. Importantly, the cuff  was defl ated every 6 h and the ETT gently 

rotated to ensure that the evacuation port was directed toward the most-

dependent tracheal regions. Following 76 h of mechanical ventilation, 

pigs were weaned, extubated, and housed with water and food ad libitum 

( e-Fig 1 ). 

 Tracheal Injury 

 Fluorescence Bronchoscopy:   At baseline, extubation, and 24 and 96 h 

thereaft er, images of the tracheal region where the cuff  was located were 

recorded through a fluorescence bronchoscope (Pentax SAFE-3000; 

tracheal injury by commercially available endotracheal tubes.  Crit Care 
Med . 2012;40(12 suppl 1):443]. 
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Ricoh Imaging Deutschland GmbH). White-light and fluorescence 

pictures were concomitantly recorded. Upon laser activation, normal 

tracheal regions appeared bluish/greenish, whereas injured regions 

were darker and brownish.  25   We calculated through image analysis 

soft ware (ImageJ; National Institutes of Health) the red-to-green inten-

sity ratio (R/G),  26,27   an index of injury, and the green-plus-blue (G 1 B) 

intensity, an index of normalcy, of the most injured tracheal region 

(100  3  100 pixels). Th us, tracheal injury was expected to increase R/G 

and decrease G 1 B intensity values. To correct for intersubject fl uores-

cence variability, all values were adjusted per baseline values as follows: 

([current – baseline value] / baseline value)  3  100, namely R/G and 

G 1 B intensity diff erentials, and reported as percentage. Upon imaging 

analysis, the observers were blinded to treatment allocation. 

 White-Light Bronchoscopy:   Th e white-light bronchoscopy pictures 

were scored by two bronchoscopists blinded to treatment allocation 

( Fig 1 ).   

 Histopathology:   Aft er 96 h from extubation, the pigs were killed, and 

the length of the trachea adjacent to the cuff  was measured. Th e worst 

histologic injury of the fi rst and last tracheal rings in contact with the 

cuff and every other ring between these two segments were scored 

(0, no injury; 1, epithelial layer compression; 2, cilia loss; 3, epithelial 

denudation; 4, subepithelial/glandular infl ammation; 5, perichondrium 

infl ammation) by a pathologist ( e-Fig 2 ) blinded to treatment alloca-

tion. Injury of the area adjacent to the SSA opening was also studied by 

gross examination and microscopy. 

 Mucociliary Clearance 

 Following 28 h of mechanical ventilation, MCC was measured through 

fl uoroscopic tracking of radiopaque markers, as previously described.  17,28   

 Cuff  Leakage 

 At 52 and 73 h from intubation, animals were placed prone, the bed 

was oriented 30° above horizontal, and positive end-expiratory pres-

sure was reduced to 0 cm H 2 O. We instilled 2 mL methylene blue and 

3 mL phosphate buff er solution with 1.5  m L of 2.0- m m Invitrogen fl uo-

rescent microspheres (Th ermo Fisher Scientifi c Inc) into the subglottic 

region. One hour from instillation, leakage was estimated by the pres-

ence of methylene blue and quantifi cation of microspheres in tracheal 

secretions.  29   We calculated the percentage of recovered microspheres 

per gram of tracheal secretions per the total amount of instilled micro-

spheres (aspirated microspheres).  29   
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