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ARTICLE INFO ABSTRACT

Keywords: Objectives: Insertion of a double-lumen endotracheal tube (DLT) is the most commonly used
Anesthesia method for one-lung ventilation (OLV). This meta-analysis was aimed at investigating the per-
Ultrasonography formance of lung ultrasound in assessing the DLT position in OLV.

Thoracic surgery

Methods: Electronic databases were searched for related trials from inception to October 2022.
The primary outcome was the performance of ultrasound or clinical evaluation in confirming the
correctness of the DLT position, using fiberoptic bronchoscopy or intraoperative direct visuali-
zation of lung collapse as the gold standard. The secondary outcome was the time required to
confirm or adjust the DTL position.

Results: Five randomized controlled trials and three observational studies involving 771 patients
were included in the meta-analysis. The pooled sensitivity and specificity of ultrasound were 0.93
(95% confidence interval [CI]: 0.79-0.98) and 0.61 (95% CI: 0.41-0.77), respectively, while
those of clinical evaluation were 0.93 (95% CI: 0.73-0.99) and 0.35 (95% CI: 0.25-0.47),
respectively. The pooled procedure duration was 122.27 s (95% CI: 20.85-223.69) with ultra-
sound and 112.03 s (95% CI: 95.30-128.76) with clinical evaluation. The area under the curve for
discriminating the DLT position was 0.86 (95% CI: 0.82-0.88) for ultrasound and 0.52 (95% CI:
0.48-0.57) for clinical evaluation.

Conclusions: Compared to clinical evaluation, ultrasound has a similar sensitivity but a better
specificity for confirming the correctness of the DLT position. Ultrasound is an acceptable imaging
tool for assessing DTL placement in OLV.

Auscultation
Double-lumen tube

Abbreviations: OLV, One-lung ventilation; DLT, Double-lumen endotracheal tube; VDLT, Video double-lumen tube; FOB, Fiberoptic bronchos-
copy; sROC, Summary receiver operating characteristics; AUC, Area under the curve; CI, Confidence interval.
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1. Introduction

Perioperative one-lung ventilation (OLV) is indispensable in thoracic surgery for obtaining local operative access [1]. It can be
provided via several airway devices, of which the double-lumen endotracheal tube (DLT) is the most commonly used [2], owing to its
facilitation of total collapse of the operated lung. Additionally, air, blood, and secretions in the lungs can be aspirated through DLT
during surgery. Recently, the video double-lumen tube (VDLT) has been developed for OLV with an embedded camera and light source
between the tracheal and bronchial cuffs. VDLT enables the continuation of airway visualization during the insertion and positioning
of the tube. Multiple studies have suggested that the intubation time of VDLT is significantly shorter than that of conventional DLT [3,
4]. However, even with VDLT, malpositioning of DLT may still take place, causing failure of total collapse of the target lung or
inadequate ventilation of the contralateral lung, leading to intraoperative hypoventilation and hypoxemia [5]. Therefore, optimal DLT
positioning is essential for OLV, and several evaluation methods have been developed for its assessment.

Fiberoptic bronchoscopy (FOB) is the gold standard for confirming the DLT position in the trachea [6,7]. Placement of airway
devices, such as the Univent tube or bronchial blocker, requires the assistance of FOB [6,8], making operating skills for it a prerequisite
for anesthesiologists specializing in thoracic anesthesia. Although the attributable mortality rates during FOB remain low (<0.1%),
practitioners should be aware of potential risks, such as bronchospasms and tracheal hemorrhage [9]. Moreover, FOB is expensive and
increases the risk of cross-infection. Considering these limitations, clinical evaluation is the mainstream method for the initial
assessment of the DLT position.

Clinical evaluation encompasses multiple methods, such as auscultation, inspection of chest movements, and manual ventilation, to
examine lung compliance; however, their accuracy is questionable, and reliability is unsatisfactory [10-13]. Furthermore, de Bellis
etal. [11] found that 37% of DLTs, whose positions were initially determined by clinical evaluation, required repositioning using FOB
afterwards. Therefore, anesthesiologists need a learning curve to be skillful in examining the DLT position using clinical evaluations
[10,13-15].

Ultrasound [16], a noninvasive modality, has been widely applied to facilitate various types of airway managements [17-19].
Some sonographic signs found on imaging of the pleural interface can be used to assess lung ventilation. Ultrasound has been employed
in several studies to observe the presence/absence of lung sliding to ensure OLV following DLT placement [14,20]. In addition, ul-
trasound scans can be saved for documentation. Therefore, ultrasound may substitute clinical evaluations for verifying the DLT po-
sition; however, summarized evidence is currently lacking. Therefore, this meta-analysis was aimed at investigating the diagnostic
performance of lung ultrasound in confirming the accuracy of the DLT position for OLV.

2. Methods
2.1. Protocol registration

This systematic review and meta-analysis was performed according to the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis guidelines. The protocol was registered on Inplasy.com (INPLASY2022100021).

2.2. Data sources and search strategy

Electronic databases, including PubMed, Scopus, and Web of Science, were systematically searched from inception to October 8,
2022, without language restrictions. Relevant studies were identified using the following algorithm: ((ultrasound) OR (sonography)
OR (ultrasonography)) AND ((double lumen) OR (double-lumen) AND (thoracic surgery) OR (one-lung ventilation)). The reference
lists of associated reviews were manually searched for potential studies. Supplementary Material shows the complete search strategy.

2.3. Inclusion and exclusion criteria

Inclusion criteria were: (1) clinical trials of sonography for confirming DLT positioning and (2) human studies. Articles were
excluded if they (1) investigated surgeries for two-lung ventilation, (2) did not specify the lung isolation technique, (3) lacked a control
group, or (4) were case reports/series, reviews, study protocols, letters to the editor, or commentaries.

2.4. Article selection and data extraction

Papers retrieved from the original database search underwent title and abstract screening, and potentially eligible papers were
assessed for full text. Two authors (T.Y.-L. and I.M.-S.) independently performed article selection and, in case of disagreement, a final
decision was made after discussion with the corresponding author.

2.5. Quality assessment

Two independent authors graded the quality of the included studies using the Quality Assessment of Diagnostic Accuracy Studies
(QUADAS)-2 [21]. The tool addresses four key domains: (1) patient selection, (2) index test, (3) reference standard, and (4) flow and
timing of the primary studies used in the meta-analysis. For each domain, the risk of bias was classified as high, low, or unclear, and
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applicability was rated in the same manner for the previous three domains. Any discrepancies in the quality assessment were resolved
by consensus. In the present meta-analysis, the result of quality assessment was not served as the reason why a study was included or
excluded. The inclusion and exclusion of an article was based on the aforementioned inclusion and exclusion criteria.

2.6. Statistical analysis

The main outcome was the performance of ultrasound or clinical evaluation for validating the correctness of the DLT position using
FOB or direct intraoperative visualization of lung collapse as the gold standard. The relevant parameters were the sensitivity, speci-
ficity, positive/negative predictive value, and positive/negative likelihood ratio, which were pooled using the random-effects model.
The summary receiver operating characteristics (SROC) analysis was used to compute the area under the curve (AUC) for the diagnostic
examination, and heterogeneity was assessed using I statistics. Significant heterogeneity was assumed for an I? > 50% [22]. Deeks’
funnel plot asymmetry test was used to address the publication bias [23].

The secondary outcome was the procedure duration for confirming the DLT position, represented by the weighted mean with
standard error. A significant difference between two evaluation tools was assumed by non-overlap of their 95% confidence intervals
(CIs). Stata (StataCorp 2015, Stata Statistical Software: Release 14, StataCorp LP, College Station, TX, USA) and Comprehensive Meta-
Analysis Software, version 3 (Biostat, Englewood, NJ, USA) were used for statistical analyses, and statistical significance was set at p <
0.05.

3. Results
3.1. Literature search

A total of 261 studies were obtained from the database search. After removing duplicates and screening the titles and abstracts, 11
full-text papers were retrieved to verify eligibility. One study [24] was excluded because ultrasound examination was carried out after
correct placement of DLT, and two [25,26] studies were excluded for not using ultrasound to assess the DLT position. Finally, eight
studies [14,15,20,27-31] were included in the quantitative analysis (Fig. 1).

3.2. Study characteristics

Of the eight included studies, five were randomized controlled trials, while three were observational studies. In this meta-analysis,
we enrolled 771 patients who had undergone elective thoracic surgery. The mean age ranged from 46.3 to 64.0 years. Five studies [14,
15,20,28,29] targeted left-sided DLT placement; one study [30] inspected bilateral DLT intubation; and the remaining two studies [27,
31] did not specify the type of DTL used, as the side of DLT was selected according to the judgement of anesthesiologists who per-
formed the intubation. The diagnostic accuracy of lung ultrasound was compared with that of clinical evaluations in seven studies [14,
15,20,27,28,30,31] and FOB in one study [29]. The tube position was determined by FOB [14,20,27,28,30,31] or visualization of lung
collapse during surgery [15,29] (Table 1).

Records identified through Records identified through
database searching registry or other sources
(n=261) (n=1)

Records identified (n=262)
Duplicated records excluded (n=100)
Removed for other reasons (n=0)
Records after duplicates

removed (n=162)
Excluded by title and abstract (n=151)

Full-text articles assessed

for eligibility (n=11) Articles excluded
1: Ultrasound was performed after
correct placement of the double-

Studies included in lumen endotracheal tube

o : - 2: Not using ultrasound for assessing
qua“tatlve SyntheSIS (I"I—8) the double-lumen endotracheal

tube position

Studies included in
meta-analysis (n=8)

Fig. 1. Flow diagram of the literature search based on the Preferred Reporting Items for Systematic Reviews and Meta Analyses
(PRISMA) guidelines.
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Table 1
Characteristics of the included studies.
Author, year Country Design Enrolled Mean Type of Typeof  Diagnostic tool used Reference
Patient (M/ age surgery DLT standard
F)

Sustic et al., Croatia Prospective RCT 50 (29/21) 58.5 Elective Left LUS: lung sliding sign; Clinical FOB

2010 thoracic examination; chest wall
movement

Alvarez-Diaz Spain Prospective 105 (N/A) 53.7 Elective N/A LUS: lung sliding sign; Clinical FOB

etal., 2014 Observational thoracic examination; chest wall
study movement and breathing sound

Parab et al., India Prospective Non- 70 (50/20) 48.3 Elective Left LUS: lung sliding sign; Clinical Visual

2015 RCT thoracic examination; chest wall confirmation
movement
Hu et al., 2017 China Prospective Non- 103 (51/52) 56.1 Elective Both LUS: lung sliding sign; FOB
RCT thoracic Auscultation; breathing sound

Parab et al., India Prospective RCT 91 (69/22) 50.6 Elective N/A LUS: lung sliding sign; FOB
2019 thoracic Auscultation; breathing sound

Chung et al., Korea Prospective RCT 88 (36/52) 64.0 Elective Left LUS: lung sliding sign; FOB
2020 thoracic Auscultation; breathing sound

Park et al., Korea Prospective RCT 69 (15/54) 46.3 Elective N/A LUS: lung sliding sign; FOB
2021 thoracic Auscultation; breathing sound

Kanavitoon Thailand ~ Prospective RCT 195 (86/ 60.5 Elective Left LUS: lung sliding sign; FOB; Visual
etal., 2022 109) thoracic correct positioning confirmation

M: male; F: female; DLT, double-lumen endotracheal tube; FOB, fiberoptic bronchoscopy; RCT: randomized controlled trial; LUS, lung ultrasound; N/
A: not available.

3.3. Quality assessment

Table 2 shows the results of the quality assessment. Two studies failed item 1 because one [15] did not mention the allocation
process, while the other [28] did not perform random patient enrollment. Sustic et al. [20] set different time limits for completing
auscultation and ultrasound assessment, which posed a high risk of bias for item 2. Park et al. [27] did not clarify if physicians
performing sonography and FOB were blinded to the auscultation results. Five studies [14,28-31] reported low risks for all analyzed
items.

4. Outcome
4.1. Diagnostic performance

Among the eight included studies, seven reported data on diagnostic accuracy validated by FOB [14,20,27-31]. Ultrasound showed
a pooled sensitivity of 0.93 (95% CI: 0.79-0.98; I = 79.27%), a specificity of 0.61 (95% CI: 0.41-0.77; I? = 85.61%; Fig. 2A), accuracy
of 78.6% (95% CI: 73.8%-82.7%; I = 33.97%), a pooled positive likelihood of 2.37 (95% CI: 1.56-3.59), a negative likelihood of 0.12
(95% CI: 0.05-0.30), a positive predictive value of 0.88 (95% CI: 0.77-0.99), and a negative predictive value of 0.69 (95% CIL:
0.60-0.77). AUC in the sROC curve analysis was 0.86 (95% CI: 0.82-0.88; Fig. 3A). Deeks’ funnel plot asymmetry test showed no
significant evidence of publication bias (p = 0.984; Fig. 4A).

Clinical evaluation for confirmation of the DLT position showed a sensitivity of 0.93 (95% CI: 0.73-0.99; I = 92.18%), a specificity
of 0.35 (95% CI: 0.25-0.47; P= 63.38%; Fig. 2B), accuracy of 64.1% (95% CIL: 56.2%-71.4%; P= 68.94%), a pooled positive
likelihood of 1.44 (95% CI: 1.22-1.70), a negative likelihood of 0.19 (95% CI: 0.04-0.80), a positive predictive value of 0.83 (95% CI:

Table 2
The methological quality of the included studies assessed by QUADAS-2.
Author, year Risk of Bias Applicability Concerns
Patient Index Text  Reference Flow and Patient Index Text  Reference
Selection Standard Timing Selection Standard
Sustic et al., 2010 Low High Low Low Low Low Low
Alvarez-Diazetal., 2014  Low Low Low Low Low Low Low
Parab et al., 2015 High Low Low Low Low Low Low
Hu et al., 2017 Low Low Low Low Low Low Low
Parab et al., 2019 Low Low Low Low Low Low Low
Chung et al., 2020 Low Low Low Low Low Low Low
Park et al., 2021 High Unclear Unclear Low Low Low Low
Kanavitoon et al., 2022 Low Low Low Low Low Low Low

Abbreviations: QUADAS, Quality Assessment of Diagnostic Accuracy Studies.
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Fig. 2. Forest plot of the summarized sensitivity and specificity of (A) ultrasound imaging and (B) clinical evaluation for confirming the double-
lumen tube position. CI, confidence interval.
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Fig. 3. The summary receiver operating curve (SROC) curve of (A) ultrasound imaging and (B) clinical evaluation for confirming the double-lumen
tube position. AUC, area under the curve; SENS, sensitivity; SPEC, specificity; SROC, summary receiver operating curve.

0.75-0.91), and a negative predictive value of 0.58 (95% CI: 0.54-0.63). The sROC curve analysis revealed an AUC of 0.52 (95% CI:
0.48-0.57; Fig. 3B). Finally, Deeks’ funnel plot asymmetry test revealed no significant evidence of publication bias (p = 0.812; Fig. 4B).

4.2. Time to confirm and adjust the DLT position

The time taken to confirm and adjust the DLT position was extracted from three studies [28-30]. The pooled values were 122.27 s
(95% CI: 20.85-223.69; P = 99.95%) for ultrasound, 112.03 s (95% CI: 95.30-128.76; P = 87.59%) for clinical evaluation, and
240.30 s (95% CI: —70.43-551.05; I? = 99.23%) for FOB (Fig. 5).

5. Discussion

This meta-analysis yielded several important findings. First, ultrasound and clinical evaluation were similar in the sensitivity,
positive predictive value, and positive likelihood ratio for confirming the DLT position. Second, the specificity, negative predictive
value, and negative likelihood ratio were likely to be better with ultrasound than with clinical evaluation. Third, ultrasound and
clinical evaluation did not differ in the procedure time required to confirm the DLT position.

This might be the first meta-analysis to evaluate the diagnostic performance of ultrasound to confirm the DLT position compared to
clinical evaluation. The pooled sensitivity (0.93, 95% CI: 0.79-0.98) of ultrasound appeared similar to that of clinical evaluation (0.93,
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Procedure Time

Group by Study name Statistics for each study Mean and 95% ClI
Lo Standard  Lower Upper
Mean error limit limit
CE Chung et al. 2020 (CE) 103.000 5.143 92,920 113.080 .
CE Hu et al 2017 (CE) 120.100 3.133 113.959 126.241
CE 112.036 8.536 95.306 128.767
FOB Kanavitoon et al. 2022 (FOB) 400.000 27.365 346.366 453.634
FOB Hu et al 2017(FOB) 82.900 4917 73.263 92.537
FOB 240.307 158.546 -70.437 551.052
us Kanavitoon et al. 2022 (US)  200.000 1.371 197.313 202.687
us Chung et al. 2020 (US) 43.700 1.876  40.024 47.376
us Hu et al 2017 (US) 123.100 2.542 118.117 128.083
us 122.272 51.746  20.851 223.693

-250.00 -125.00

0.00

125.00 250.00

Fig. 5. Forest
US, ultrasound.

plot for the procedure time for confirming the double-lumen position. CE, clinical evaluation; FOB, fiberoptic bronchoscopy;

95% CI: 0.73-0.99). These findings indicate that lung collapse after DLT insertion can be successfully recognized using ultrasonog-
raphy or clinical evaluation. Nevertheless, ultrasound had significantly better specificity (0.61, 95% CI: 0.41-0.77) than clinical
evaluation (0.35, 95% CI: 0.25-0.47), indicating that clinical evaluation was more likely to misrecognize the DLT position when the
lung had not collapsed. The better specificity, negative predictive value, and negative likelihood ratio of ultrasound compared to
clinical evaluation might be attributed to two factors. First, clinical evaluation is mainly based on auscultation, which depends on the
intensity, frequency, and timbre of breath sounds [32]. Several factors, such as inadequate tidal volume, airway obstruction, bul-
lae/hyperinflation of the lung, pneumothorax, pleural effusion/thickening, obesity, and stethoscope quality, can cause diminished or
absent breathing sounds [32,33]. Second, by visualizing the presence/absence of pleural movements, lung collapse can be readily
identified using point-of-care ultrasound. Moreover, AUC was 0.86 (95% CI: 0.82-0.88) for ultrasound and 0.52 (95% CI, 0.48-0.57)
for clinical evaluation. Generally, an AUC of 0.5 indicates no discriminative value of the diagnostic test, while that of 0.8-0.9 denotes
good to excellent discriminative power [34]. Accordingly, our meta-analysis was in favor of ultrasound rather than clinical evaluation
for confirming the DLT position.

Based on the side of the main bronchus used for the distal opening of the DLT, DLTs can be right- or left-sided. The safe margin is
higher for placement of left-sided DLTs than for right-sided DLTs because of the longer left main bronchus. The proximity of the
bronchial opening of the right upper lung lobe into the carina (1.5-2 cm) makes the position of right-sided DLTs further challenging
and demanding [35]. Right-sided DLTs are less commonly used than left-sided DLTs in clinical practice and only indicated in specific
clinical situations, such as pneumonectomy and left lung transplantation [36]. This meta-analysis showed that left-sided DLTs had
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been used in all studies, except for Hu et al.‘s study [30], in which the accuracy of ultrasound was similar to that of clinical evaluation
for confirming left- and right-sided DLTs. However, it was more time-consuming to validate the position of right-sided DLTs compared
to that of left-sided DLTs using either method. However, whether or not ultrasound has different diagnostic performance when
examining the location of right- or left-sided DLTs requires further investigation.

The patients’ posture may influence the accuracy of confirming the DLT position. In our meta-analysis, the patients might have
been in the supine or lateral decubitus position during DLT placement. Hu et al. [30] showed decreased sensitivity with increased
specificity under ultrasound assessment from the supine to the lateral decubitus position. However, Park et al. [27] reported that the
specificity of ultrasound increased from the supine to lateral decubitus position without changes in its sensitivity. The discrepant
outcomes might result from variations in the ultrasound scanning protocol. Furthermore, compared to the supine position, lung
compliance would decline in the lateral decubitus position, which also affects the depth of DLT insertion and the results of the
assessment.

In this meta-analysis, ultrasound was better than clinical evaluation for checking the DLT position as a potential substitute for FOB.
Unlike ultrasonography, FOB can be used to guide the placement of right-sided DLTs to avoid blocking the right upper lobe orifice.
Blood and secretions in the lung can be directly aspirated through FOB, which can also be used for intraoperative adjustment of the
DLT. During the coronavirus disease pandemic, operators are at an increased risk of exposure to respiratory pathogens during FOB,
which is not a concern for ultrasound [24]. Although ultrasound may not be employed to directly visualize the DLT position inside the
trachea, it is helpful in evaluating pleural sliding in the ventilated lungs and pulse signs in the non-ventilated lungs. Kanavitoon et al.
[29] showed that ultrasound was non-inferior to FOB for confirming the DLT position by inspecting lung collapse during thoracic
surgery, which is the gold standard. Therefore, ultrasound was suggested to be included in a stepwise protocol for OLV, whereas FOB
was only reserved for difficult or uncertain cases to save time and medical expenses [36]. However, data comparing the diagnostic
performances of ultrasound and FOB were insufficient in our meta-analysis, necessitating more prospective trials.

This study has several limitations. First, the number of the studies included in this meta-analysis was small (only eight) and not all
enrolled trials used a randomized controlled design. Second, we pooled data from both the supine and lateral decubitus positions in
certain studies for the analysis, which might be a potential source of heterogeneity. Another cause of heterogeneity was whether or not
there was a prior ultrasound examination before lung isolation. Considering the existence of significant heterogeneity across the
included studies, the current meta-analytic result should be interpreted with caution [37]. Third, OLV could be obtained using other
airway devices, such as bronchial blockers and univent tubes, but only studies using DLT were included in our meta-analysis [38]. The
diagnostic performance of ultrasound over clinical evaluation in assessing the position of other airway devices requires further
investigation. Fourth, our meta-analysis revealed that ultrasound assessment may not be less time-consuming than clinical evaluation.
Accordingly, standardized, simple ultrasound scanning protocols should be developed to effectively reduce the procedure time. Fifth,
in the present meta-analysis, the AUC was estimated by the sROC curve analysis using the parameters (sensitivity/specificity) esti-
mated by the bivariate model [39]. Unlike other outcome variables (sensitivity/specificity), the overall AUC was not pooled from the
values of the AUC of the individual studies, which were usually unavailable. It was understandable because the diagnosis of proper or
improper positioning of the double lumen tube in the included trials was based on the predefined criteria instead of a sliding/changing
threshold. Therefore, I? for AUC, which needed the individual AUC to compute, could not be provided in our meta-analysis. Sixth, in
the enrolled trials, some patients might have benefited from a double assessment, i.e. clinical and then ultrasound, especially in the
non-randomized trials (three of the eight). As a result, the performance of ultrasound assessment might be overestimated (if the results
of the clinical examination were already known).

6. Conclusion

Compared to clinical evaluation, ultrasound has similar sensitivity but better specificity for confirming the DLT position. Based on
an AUC of 0.8-0.9, ultrasound appears to be an acceptable imaging tool for assessing DTL placement for OLV. Data comparing the
diagnostic performances of ultrasound and FOB were insufficient in this meta-analysis, and FOB remains the gold standard assessment
method for DLT positioning.
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