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Double-lumen endotracheal tubes and bronchial blockers exhibit
similar lung collapse physiology during lung isolation

Les tubes endotrachéaux à double lumière et les bloqueurs
bronchiques présentent une physiologie similaire de collapsus
pulmonaire pendant l’isolation pulmonaire
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Abstract

Purpose Double-lumen endotracheal tubes (DL-ETT) and

bronchial blockers (BB) are frequently used to allow one-

lung ventilation (OLV) during video-assisted thoracic

surgery (VATS). Recently, faster lung collapse has been

documented with a BB than with a DL-ETT. The

physiologic mechanisms behind this faster collapse

remained unknown. We aimed to measure ambient air

absorption (Vresorb) and intra-bronchial pressure (Pairway)

into the non-ventilated lung during OLV using DL-ETT and

BB.

Methods Patients undergoing VATS and OLV for lung

resection were randomly assigned to have measurements

made of Vresorb or Pairway within the non-ventilated lung

using either a DL-ETT or BB.

Results Thirty-nine patients were included in the analyses.

The mean (standard error of the mean [SEM]) Vresorb was

similar in the DL-ETT and BB groups [504 (85) vs 630 (86)

mL, respectively; mean difference, 126; 95% confidence

interval [CI], -128 to 380; P = 0.31]. The mean (SEM)

Pairway became progressively negative in the non-ventilated

lung in both the DL-ETT and the BB groups reaching [-20

(5) and -31 (10) cmH2O, respectively; mean difference, -

11; 95% CI, -34 to 12; P = 0.44] at the time of the pleural

opening.

Conclusions During OLV before pleural opening,

entrainment of ambient air into the non-ventilated lung

occurs when the lumen of the lung isolation device is kept

open. This phenomenon is prevented by occluding the

lumen of the isolation device before pleural opening,
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resulting in a progressive build-up of negative pressure in

the non-ventilated lung. Future clinical studies are needed

to confirm these physiologic results and their impact on

lung collapse and operative outcomes.

Trial registration www.clinicaltrials.gov (NCT02919267);

registered 28 September 2016.

Résumé

Objectif Les tubes endotrachéaux à double lumière (TET-

DL) et les bloqueurs bronchiques (BB) sont fréquemment

utilisés pour l’isolation pulmonaire pendant une chirurgie

thoracique assistée par vidéoscopie. Récemment, un

affaissement pulmonaire plus rapide avec un BB qu’avec

un TET-DL a été documenté. Les mécanismes

physiologiques derrière cet affaissement plus rapide

demeurent inconnus. Notre objectif était de mesurer

l’absorption de l’air ambiant (Vresorb) et la pression

intra-bronchique (Paérienne) dans le poumon non ventilé

pendant la ventilation à un poumon en utilisant un TET-DL

et un BB.

Méthode Les patients subissant une chirurgie thoracique

assistée par vidéoscopie et recevant une ventilation

unipulmonaire à l’aide d’un TET-DL ou d’un BB pour

une résection pulmonaire ont été aléatoirement assignés à

des mesures de Vresorb ou Paérienne dans le poumon non

ventilé.

Résultats Trente-neuf patients ont été inclus dans les

analyses. La Vresorb moyenne (erreur-type sur la moyenne)

était similaire dans les groupes TET-DL et BB [504 (85) vs

630 (86) mL, respectivement; différence moyenne, 126;

intervalle de confiance [IC] 95 %, -128 à 380; P = 0,31].

La Paérienne moyenne (erreur-type sur la moyenne) est

devenue progressivement négative dans le poumon non

ventilé dans les groupes TET-DL et BB en atteignant [-20

(5) et -31 (10) cmH2O, respectivement; différence

moyenne, -11; IC 95 %, -34 à 12; P = 0,44] au moment

de l’ouverture de la plèvre.

Conclusion Pendant la ventilation unipulmonaire avant

l’incision de la plèvre, un appel d’air ambiant dans le

poumon non ventilé se produit quand la portion du

dispositif d’isolation pulmonaire est maintenue ouverte.

Ce phénomène peut être évité en occluant la lumière du

dispositif d’isolation pulmonaire avant l’ouverture de la

plèvre, ce qui entraı̂nera une accumulation progressive de

pression négative dans le poumon non ventilé. De futures

études cliniques sont nécessaires pour confirmer ces

résultats physiologiques et leur impact sur l’affaissement

pulmonaire et les devenirs opératoires.

Enregistrement de l’étude www.clinicaltrials.gov

(NCT02919267); enregistrée le 28 septembre 2016.

Keywords one-lung ventilation �
double-lumen endotracheal tube � bronchial blocker

Video-assisted thoracoscopic surgery (VATS) has

progressively increased over the last two decades,

becoming the standard approach for the majority of

thoracic surgical procedures.1,2 As a consequence,

effective lung isolation and collapse have become

increasingly essential to ensure optimal surgical

exposure. While many authors still recommend the use of

a double-lumen endotracheal tube (DL-ETT) for one-lung

ventilation (OLV), the optimal method to achieve efficient

lung collapse remains unknown, particularly with the use

of the most recent bronchial blocker (BB) designs.3–7

Contrary to many earlier studies,6 we previously

documented that using a BB was associated with a

significantly faster time to complete lung collapse than

with using a DL-ETT during VATS.8 Importantly, the

technique used in that study significantly differed from

previous reports in that the internal channel of the BB was

occluded at the beginning of OLV.9 Whether the

improvement in complete lung collapse was related to

the BB’s internal channel occlusion is not known,

highlighting the need to better understand the physiology

of lung collapse during OLV.10

Therefore, we aimed to determine the physiologic

changes in ambient air absorption (Vresorb) and airway

pressure (Pairway) in the non-ventilated lung during OLV

with the use of either a DL-ETT or BB. We hypothesized

that OLV would be associated with the development of a

negative Pairway within the non-ventilated lung (i.e,, from

absorption atelectasis) resulting in entrainment of ambient

air11 that could explain delayed lung collapse when the

lumen of the non-ventilated lung is kept open. As the BB is

longer and has a much smaller internal channel compared

with the DL-ETT, we further hypothesized that ambient air

absorption (Vresorb) would be greater with DL-ETT than

with BB.

Methods

We performed a prospective unblinded randomized-

controlled trial in patients requiring OLV for elective

unilateral lung resection using VATS (NCT02919267).

The study protocol was approved on 8 September 2016 by

the local Research Ethics Board (CER 21299) and written

informed consent was obtained from all participants. We

excluded patients with previous or anticipated difficult

intubation, prior chemotherapy, prior thoracic

radiotherapy, ipsilateral thoracic surgery, sternotomy,

forced expiratory volume in one second (FEV1) \ 50%

predicted, pulmonary infection, endobronchial mass,

pleural and/or interstitial pathology, and tracheostomy.

Before induction of anesthesia, patients were assigned to

one of the four groups based on the variable to be measured
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and the method of OLV: VResorb with either a DL-ETT (#1)

or a BB (#2), and Pairway with either a DL-ETT (#3) or a

BB (#4). The software minim.exe (York, United Kingdom)

was used for the computer-generated randomized

allocation using minimization procedures, controlling for

age, sex, body mass index, FEV1, and side of surgery to

ensure balance between groups.12 Post-randomization

exclusion criteria defined a priori included bronchoscopic

findings precluding the use of the specific randomized

devices, severe oxygen desaturation necessitating

ventilation of the non-dependent lung, and air leaks

occurring at the level of the bronchial isolation. All

patients excluded after randomization were replaced by

another randomized patient.

Anesthesia and lung isolation

Anesthesia management consisted of routine monitoring,13

standardized induction of anesthesia with propofol,

sufentanil and rocuronium, and maintenance with 1

minimum alveolar concentration volatile anesthesia.8

Patients were intubated with either a left-sided DL-ETT

(MallinckrodtTM left endobronchial tube; Mallinckrodt

Medical, Cornamaddy, Athlone, Westmeath, Ireland) with

size determined according to recommendations,14 or a 8.0-

mm internal diameter single-lumen endotracheal tube.

Lung isolation was confirmed with flexible bronchoscopy

(FB) to ensure that the distal tip of the bronchial lumen of

the DL-ETT did not obstruct the interlobar carina.15 The

BB (Fuji Uniblocker; Fuji Systems, Tokyo, Japan) was

introduced in the endotracheal tube using FB guidance and

positioned in the main bronchus with its cuff deflated.

Bilateral lung ventilation was provided with a tidal

volume of 6–8 mL�kg-1 of ideal body weight, a fraction of

inspired oxygen (FIO2) of 1.0, and a positive end-expiratory

pressure (PEEP) of 5 cmH2O to obtain an end-tidal carbon

dioxide between 35 and 45 mmHg16,17 Once the patient

was placed in lateral decubitus position, the correct

position of the lung isolation device was re-confirmed

with FB. The experimental protocol was initiated at the

beginning of OLV with the chest closed, as long as the

hemodynamics and ventilation were stable.

Experimental protocol

After an apneic period of one minute in both groups, and

with the airway in direct communication with the ambient

atmospheric pressure, lung isolation was initiated by

inflating the cuff of the BB or by clamping the non-

ventilated lung lumen of the DL-ETT to interrupt the

ventilation (Fig. 1). One-lung ventilation was provided

with tidal volumes of 4–6 mL�kg-1 of ideal body weight,

PEEP of 5 cmH2O and FIO2 was gradually tapered to 0.50

if tolerated (oxygen saturation C 92%).

For patients randomized to the Vresorb groups (Fig. 2), a

2-L bag (Roxon, Etobicoke, ON, Canada) was filled using a

1,000-mL calibrated syringe (Hans Rudolph Inc., Shawnee,

KS, USA) via a three-way valve (Hans Rudolph Inc.,

Shawnee, KS, USA) and using a pneumotachometer (Hans

Rudolph Inc., Shawnee, KS, USA) to precisely measure

1,000 mL of air (FIO2 0.21) (Fig. 2 A–C). This half-filled

2-L bag was used to ensure that there was no restriction in

the movement of air between the lung and the bag,

reproducing the situation of opening the non-ventilated

lung to ambient air. The pneumotachometer signal was

amplified with Pneumotach Amplifier 1 (Series 1110, Hans

Rudolph Inc., Shawnee, KS, USA) and digitized at 200 Hz

using a MP100 analogic/numeric system (BIOPAC

Systems, Goleta, CA, USA). Volumes were measured

with ACQKnowledge (BIOPAC Systems, Goleta, CA,

USA) by integration of flows measured with the

pneumotachometer.

During the one minute apneic period at the beginning of

OLV, the three-way valve was connected to the non-

ventilated lumen of the DL-ETT or to the internal channel

of the BB through an adaptor to ensure that any air flow

that might occur during OLV would take place between the

non-ventilated lung and the bag (Fig. 2 B–D). Immediately

prior to pleural opening, the bag was closed and an apnea

period of one minute was provided during which we

temporarily deflated the BB cuff or disconnected the

breathing circuit from the DL-ETT. After pleural opening,

the bag was reopened for a total of 60 min of OLV. At the

end of the observation period, the bag was emptied with the

1-L syringe through the pneumotachometer to measure its

residual volume. Vresorb was calculated as initial minus

final volume. After observing that most air absorption was

occurring while the chest was closed, we modified the

protocol for the final ten patients by adding a second bag to

the three-way valve to specifically measure Vresorb before

and after pleural opening using the methods described

above. The time to pleural opening was defined as the

period between beginning of OLV and surgical

pneumothorax in minutes.

For patients randomized to Pairway groups, a pressure-

tubing catheter was connected to the Luer lock adaptor

located on the side of the occluding system mounted at the

extremity of the DL-ETT (Fig. 3A) or to the Luer lock

adaptor of the BB (Fig. 3B) during the apneic period of one

minute at the beginning of OLV. The catheter was

connected to a differential pressure transducer (AD

Instruments, Colorado Springs, CO, USA) and Pairway

were continuously monitored. Signals were amplified with

a CD15 carrier demodulator (Validyne Enginereing, CA,

USA) then digitized at 5 Hz and sampled using an MP100
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analogic/numeric system. Immediately prior to pleural

opening, an apnea period was re-established as described

above, and thereafter measurements resumed until 60 min

of OLV. Tracings were recorded and off-line analyses were

accomplished using ACQKnowledge. Data were exported

in Excel (Microsoft, WA, USA) and pressures were

averaged every 30 sec, excluding aberrant measures

(above and below 2 standard deviations [SD] of the

mean). As there was no flow of air in the Pairway

measurements groups, the pressure measured at the

extremity of the DL-ETT or BB was assumed to be equal

to the pressure in the distal airways of the non-ventilated

lung.

Statistical analysis

Continuous and categorical variables were respectively

expressed using mean (standard error of the mean [SEM])

or frequency, unless otherwise specified. Characteristic

variables expressed in percentage were analyzed using Chi

Fig. 1 Study procedure timeline

Fig. 2 Volume change

measurement setup. A–B) The

respiratory bag and three-way

valve were connected to the

non-ventilated lung lumen of

the double-lumen tube using a

13-mm tube. C–D) The

respiratory bag and three-way

valve were connected to the

internal channel of the bronchial

blocker with the use of a 15–4-

mm adaptor
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square or Fisher’s exact test. VResorb was analyzed using

one-way analysis of variance (ANOVA) using separate

residual variances in each group as effect that

specifies heterogeneity in the covariance structure was

significant (heteroscedasticity) compared with the same

variance between groups (i.e., the assumption of equality

of variances was rejected when performing the Brown and

Forsythe test for homogeneity of variance). The

Satterthwaite’s degree of freedom statement was added

for unequal variance structures. Pairway measured from

initiation of OLV to pleural opening were similarly

analyzed using a two-way ANOVA. Two experimental

factors were defined: one associated with the comparison

between two groups (DL-ETT vs BB) and factor fixed, and

one associated with the comparison among results from the

time periods (0–10 min) and factor fixed. Interaction terms

between the fixed factors were also defined. The data were

analyzed using a repeated mixed model. An autoregressive

covariance structure was used to consider the dependency

among repeated measurements. The same statistical

approach was used to analyze Pairway measured from

pleural opening to 30 min after. The normality assumptions

were verified with the Shapiro–Wilk test after a Cholesky

factorization on residuals.

The primary endpoint was Vresorb, whereas Pairway was

measured to provide a physiologic explanation of air

inflow. Assuming a net mean (SD) air influx of 300 (110)

mL with the DL-ETT (11) vs 150 (110) mL with the BB

after initiation of OLV, with an alpha of 0.05 and a power

of 0.80, we estimated that we would require a sample size

of nine patients per group. We thus randomized 40 patients

(ten subjects per group). The results were considered

significant with a P\ 0.05. All analyses were conducted

using the statistical package SAS, version 9.4 (SAS

Institute Inc, Cary, NC, USA) and R (R Core Team

(2016), Foundation for Statistical Computing, Vienna,

Austria.).

Results

Seventy-three patients requiring OLV for VATS were

screened (Fig. 4) and 49 patients met eligibility. Ten

patients were excluded after randomization because the

lung could not be isolated with the assigned device (n = 3),

air leaked persistently during lung isolation (n = 4), or the

operative lung needed ventilating before the end of the

observation period (n = 3). A total of 39 patients were

included in the final statistical analysis. Patient

characteristics and the side of the surgery were similar

between the four groups (Table).

Analysis of air entrainment during OLV showed that

mean (SEM) Vresorb was similar for DL-ETT and BB [504

(85) and 630 (86) mL, respectively; mean difference, 126

mL; 95% confidence interval (CI), -128 to 380; P = 0.31]

(Fig. 5A). The majority of the resorbed volume was noted

during the period between initiation of OLV and pleural

opening (Fig. 5B) and became negligible thereafter.

Analysis of the Pairway during closed chest OLV showed

that mean (SEM) Pairway became progressively negative

over time with both isolation devices (P\0.001 compared

with initiation of OLV), reaching comparable levels with

DL-ETT and BB before pleural opening (-20 [5] vs -31

[10] cmH2O, respectively; mean difference, -11 cmH2O;

95% CI, -33 to 12; P = 0.44) (Fig. 6A). After surgical

pneumothorax, Pairway approached atmospheric pressure in

both DL-ETT and BB groups (P = 0.84) (Fig. 6B).

Fig. 3 Airway pressure measurement setup for double-lumen

endotracheal tubes and bronchial blockers. A) For double-lumen

endotracheal tubes, the pressure transducer was connected to the non-

ventilated lung lumen with the use of a connecting piece occluded to

the ambient air and stiff arterial pressure tubing (black arrow). B) For

bronchial blockers, the pressure transducer was connected on the Luer

lock adaptor of the internal channel
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Discussion

The present study documented that during OLV (and when

exposed to the same protocol), DL-ETT and BB present

similar physiology with a significant entrainment of

ambient air within the non-ventilated lung. From the

beginning of OLV until surgical pneumothorax, we

observed the build-up of negative pressure within the

non-ventilated lung, with Pairway averaging -20 to -30

cmH2O. When the non-ventilated lumen of the DL-ETT or

the internal channel of the BB was open, this resulted in the

aspiration of 500–600 mL of ambient air. These

phenomena were predominantly observed before pleural

opening with minimal air movement or pressure gradient

thereafter. We believe that the entrainment of ambient air

before pleural opening, can delay lung collapse during

OLV and that occluding the non-ventilated lung may fasten

lung collapse. Nevertheless, further studies are needed

before recommending clamping the BB internal channel or

the DL-ETT lumen during thoracic surgeries.

Many of the previous studies describing the physiology

of lung collapse during OLV focused on two distinct

phases that occur after pleural opening.16,17 The first phase

occurs early after the opening of the pleural cavity and

corresponds to a quick partial collapse of the lung due to its

intrinsic recoil, until it reaches its closing volume.18 The

second phase corresponds to the reabsorption by the

capillary bed of the gas remaining within the alveoli. The

speed of reabsorption depends, among other factors, on the

solubility of the alveolar gas.19,20 Nevertheless, no studies

specifically assessed both Vresorb and Pairway before pleural

opening with the use of DL-ETT and BB.11,18,21

Fig. 4 CONSORT diagram

Table Characteristics of the study population

Pairway(19) Vresorb (20) P

BB (9) DL-ETT (10) BB (10) DL-ETT (10)

Gender (M/F) 3/6 3/7 3/7 2/8 0.96

Age (yr) 67 (7) 58 (10) 64 (13) 64 (13) 0.15

Weight (kg) 76 (26) 73 (21) 65 (10) 66 (12) 0.55

Height (cm) 163 (10) 163 (7) 162 (12) 160 (10) 0.88

BMI (kg�m-2) 28 (7) 28 (8) 25 (4) 26 (5) 0.63

FEV1 (% of predicted) 90 (14) 86 (21) 93 (20) 92 (20) 0.88

Time to pleural opening (min) 12 (6) 14 (6) 14 (4) 12 (4) 0.67

VATS side (R/L) 6/3 7/3 5/5 6/4 0.89

Results are presented as means (standard deviation) unless otherwise specified

BB = bronchial blocker; BMI = body mass index; DL-ETT = double-lumen endotracheal tube; FEV1 = forced expiratory volume in one second;

Pairway = airway pressure; VATS = video-assisted thoracic surgery; R/L = right/left; Vresorb = resorb volume
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Importantly, we believe that lung collapse might begin

before pleural opening. Therefore, a better understanding

of the physiology of lung collapse during OLV is essential

to optimize lung collapse. To the best of our knowledge,

this is the first study to extensively describe the changes in

Vresorb and Pairway, using DL-ETT and BB, during OLV

before and after pleural opening for VATS.

Following two-lung ventilation with an FiO2 of 1.0, the

alveoli contain a high oxygen partial pressure (PAO2).

When initiating OLV, the non-dependent lung is separated

from the ventilator and it presumably reaches its functional

residual capacity. Thereafter, the oxygen-rich content of

alveoli is expected to be absorbed by the capillaries.21,22

Nevertheless, this theory has never adequately be shown

experimentally. This study documented that the occlusion

of the non-ventilated lung in the presence of an intact

pleural interface creates a sub-atmospheric airway

pressure, probably caused by O2 absorption by the

alveoli, since airflow is prevented by occluding the non-

ventilated lumen. Conversely, when the non-ventilated

lung remains in contact with ambient air, O2 absorption by

the alveoli results in a continuous entrainment of air (FIO2

0.21) into the non-ventilated lung until pleural opening.

Ultimately, this air (i.e., nitrogen) entrainment probably

reduces PAO2 and eventually reduces the speed of

subsequent absorption atelectasis since it is proportional

to the solubility of the gas in the alveoli.23 This is

consistent with earlier observation by Pfitzner et al. who

documented the entry of atmospheric air into the non-

ventilated lung a few minutes before opening the pleura

with the DL-ETT.11 In their discussion, they proposed the

air influx could increase nitrogen in the alveoli and lower

PAO2, which would slow the lung collapse. Our results

confirmed that movement of air occurs with the DL-ETT

during OLV before pleural opening, and that the same

phenomenon happens with the BB when its internal

channel is open. We also showed that this inflow was

considerable before pleural opening, whereas no clinically

significant movement of air occurred when the pleural

Fig. 5 Gas volume change

quantification. A) Amount of

ambient air entrained into the

non-ventilated lung throughout

the observation period

according to lung isolation

device. The mean (SEM) Vresorb

was 504 (85) mL for DL-ETT

and 630 (86) mL for BB (P =

0.31). (B) Amount of ambient

air absorbed in the non-

ventilated lung before and after

pleural opening (includes the

last ten patients); P = 0.61

before pleural opening and P =

0.58 after pleural opening. BB =

bronchial blocker; DL-ETT =

double-lumen tube. Data

presented as mean ± standard

error of the mean
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space was open to ambient air. These phenomena likely

impacts the speed of lung collapse during OLV.

Interestingly, previously published papers could not

convincingly confirm whether DL-ETT or BB were

superior in terms of quality and speed of lung collapse

during VATS.3,6,7,24 It has been hypothesized that the

smaller internal channel of the BB may be responsible for

the slower lung collapse as it may restrict the egress of gas

during the first phase of lung collapse. This hypothesis was

supported by trials showing a faster collapse using the

disconnection technique and bronchial suction with the

BB.9,25 In our study, while the diameter of the lumen of the

DL-ETT and BB differed significantly, a similar volume of

air inflow was observed with both devices. We thus

speculate that differences in occlusion methods rather than

the isolation device could also have influenced these

results.26 For example, in our previous study,8 a

significantly faster collapse was observed with the BB

compared with the DL-ETT. In that study, we had chosen

to occlude the internal channel of the BB while the DL-

ETT lumen was open. We believe that the occlusion

precluded the entrainment of nitrogen, likely resulting in a

higher PAO2 and a shorter time to complete lung collapse

in the BB group compared with the DL-ETT. Based on that

hypothesis, the occlusion of the DL-ETT lumen should

reproduce the same results, although this statement remains

to be confirmed by future studies.

This study has a number of limitations. First, ten patients

were removed from the analysis as they met post-

randomization exclusion criteria. These exclusion criteria

were defined a priori and reflect real-life limitations and

challenges of lung isolation and OLV with specific devices.

Additionally, given that the primary goal of this study was

to investigate the changes in Vresorp and Pairway during OLV

with DL-ETT and BB, analyzing the data as intention-to-

treat would have led to misleading results. Second, because

Fig. 6 Intra-bronchial pressures according to pleural opening. A)

Intra-bronchial pressures measured from initiation of one-lung

ventilation to pleural opening; P \ 0.001 for change in intra-

bronchial pressure over time whereas; P = 0.44 for double-lumen

endotracheal tube (DL-ETT) vs bronchial blocker (BB). B) Intra-

bronchial pressures measured from pleural opening to 30 min after;

P\ 0.05 for change in intra-bronchial pressures over time, and P =

0.84 for Double-lumen endotracheal tube vs bronchial blocker. PO =

pleural opening. Data presented as mean ± standard error of the mean
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of the need for specialized airway adaptors and measuring

tools, we were unable to blind the main investigator and

attending anesthesiologist to the assigned study group.

Also, the clinical impact of occluding the non-ventilated

lung on the speed of lung collapse remains unanswered.

Finally, future studies will aim to reveal the clinical impact

on per-operative outcomes, such as the quality of lung

collapse, its impact on the length of surgery and the

incidence of postoperative respiratory complications.27

Conclusion

The use of OLV before pleural opening results in the

entrainment of a significant volume of air into the non-

ventilated lung when the lumen of the isolation device is

kept open. This phenomenon is prevented by occluding the

central lumen before pleural opening, resulting in a

progressive build-up of negative pressure in the non-

ventilated lung. Future clinical studies are needed to

confirm these physiologic results and their impact on lung

collapse and operative outcomes.
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Réanimation du Québec; Fondation Institut Universitaire de

Cardiologie et de Pneumologie de Québec.
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