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Background: Assessments of air leaks are usually performed subjectively, precluding the 
use of air leaks as an evaluation factor. We aimed to identify objective parameters as pre-
dictive factors for prolonged air leak (PAL) and air leak cessation (ALC) from air flow data 
produced by a digital drainage system.
Methods: Flow data records of 352 patients who underwent lung lobectomy were re-
viewed, and flow data at designated intervals (1, 2, and 3 hours postoperatively [POH] and 
3 times a day thereafter [06:00, 13:00, 19:00]) were extracted. ALC was defined by flow less 
than 20 mL/min over 12 hours, and PAL was defined as ALC after 5 days. Cumulative inci-
dence curves were obtained using Kaplan-Meier estimates of time to ALC. Cox regression 
analysis was performed to determine the effects of variables on the rate of ALC.
Results: The incidence of PAL was 18.2% (64/352). Receiver operating characteristic curve 
analysis showed cut-off values of 180 mL/min for the flow at 3 POH and 73.3 mL/min for 
the flow on postoperative day 1; the sensitivity and specificity of these values were 88.9% 
and 82.5%, respectively. The rates of ALC by Kaplan-Meier analysis were 56.8% at 48 POH 
and 65.6% at 72 POH. Multivariate Cox regression analysis revealed that the flow at 3 POH 
(≤80 mL/min), operation time (≤220 minutes), and right middle lobectomy independently 
predicted ALC.
Conclusion: Air flow measured by a digital drainage system is a useful predictor of PAL 
and ALC and may help optimize the hospital course.
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Introduction

Although most patients with postoperative air leaks usu-
ally recover after a couple of days, some patients show pro-
longed air leak (PAL) that continues for more than 5 days. 
The prediction of air leak cessation (ALC) and, by exten-
sion, PAL can enable early, selective postoperative manage-
ment of patients, which may inf luence the cost of treat-
ment [1-3] and decrease the risk of other complications, 
including empyema [1,3,4]. With the increasing adoption 
of lung resection surgery, prediction of the postoperative 
hospital course and optimization of the hospital stay are 
becoming increasingly important for both surgeons and 
patients.

Conventionally, air leak grading by examiners is based 
on subjective assessments of air bubbles, raising questions 

about the reliability of this approach and interobserver 
agreement. However, a digital drainage system can enable 
quantitative measurements of air leaks without interob-
server discrepancies [5,6]. Thus, we sought to determine 
whether measurement of the amount of air leaks could be 
a more direct and accurate approach for predicting ALC.

The purpose of this study was to extract flow data over 
the postoperative time course as an objective parameter by 
using a digital drainage system and to determine its cor-
relation of air flow with ALC and its potential as a predic-
tor of PAL and ALC.

http://crossmark.crossref.org/dialog/?doi=10.5090/jcs.22.131&domain=pdf&date_stamp=2023-05-05
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Methods

Patients and data collection

The data of 489 patients who underwent lung resection 
surgery and had flow records for a digital drainage system 
(Thopaz; Medela, Baar, Switzerland) between January 2013 
and June 2017 were reviewed. Patients who received lung 
segmentectomy or wedge resection and those with insuffi-
cient flow records were excluded from this study. We also 
excluded cases involving the placement of 2 or more chest 
tubes, the use of mechanical ventilation, and the imple-
mentation of pleurodesis within 5 days. Finally, 352 pa-
tients who underwent lung lobectomy and had daily flow 
records were enrolled in the study.

All hospital records were retrieved, and the following 
data were investigated: demographic characteristics, opera-
tive details, flow records, and length of hospital stay. Oper-
ative details were recorded, including intraoperative seal-
ant use and intraoperative adhesiolysis. The f low data at 
designated intervals were extracted from medical records. 
The start of the f low evaluation (=0 postoperative hours 
[POH]) was the time when the patient entered the surgical 
intensive care unit or recovery room. The stat flow in the 
digital drainage system at 1, 2, and 3 POH on the opera-
tion day and recordings obtained 3 times a day (06:00, 
13:00, and 19:00) on the subsequent postoperative days 
were recorded. On the basis of previous reports [7-13], an 
air leak was defined by an air flow of 20 mL/min or more 
in Thopaz, and ALC was defined as flow less than 20 mL/
min for the past 12 hours with no spike on the flow graph. 
PAL was defined as the persistence of an air leak for 5 or 
more days. This study was reviewed and approved by the 
Institutional Review Board of Seoul St. Mary’s Hospital, 
and the requirement for informed consent was waived 
(eIRB no., KC22RASI0760).

Perioperative management

All lung resections in this study were conducted by a sin-
gle surgeon (S.W.S.), and a mechanical stapling device was 
used to separate interlobar fissures and cut the bronchus. If 
an air leak was observed before chest wall closure, we tried 
to stop the leak by suturing, sealants, and buttressing ma-
terials. A 20F or 24F chest tube was placed before chest 
wall closure and connected to the Thopaz device. Intra-
pleural pressure was set at -15 cmH2O. The chest tube was 
removed when the air leak stopped and the drainage fluid 
volume was less than 200 mL per day.

Statistical analysis

Receiver operating characteristic (ROC) curves were used 
to define cut-off values to transform the numerical f low 
variable into a binary categorical variable. The time from 
lung lobectomy (0 POH) to the achievement of ALC was 
determined from medical records. The Kaplan-Meier esti-
mate of time to ALC and the percentages of ALC at specif-
ic time points were calculated. Cumulative incidence 
curves were obtained using fitted Cox models adjusted for 
covariates. Statistical analyses were performed using the R 
computing environment (2008; R Development Core Team, 
Vienna, Austria).

Univariate and multivariate regression analyses were 
performed using Cox models to determine the effects of 
variables on the rates of ALC. The variables used in multi-
variate analysis were those with a p-value of <0.2 in the 
univariate analysis. Maximally selected log-rank statistics 
were used for estimating the cut-off points of continuous 
predictors, which were suitable for discrimination between 
groups of patients with respect to overall survival (cen-
sored) time. A p-value of <0.05 was considered statistically 
significant.

Results

Patient characteristics

In total, 489 consecutive patients who underwent lung 
operations were placed on the digital drainage system. 
Among them, 352 patients met the eligibility criteria of this 
study. The characteristics of these patients are summarized 
in Table 1. This group included 168 men (47.7%) and had a 
median age of 64 years (range, 22–85 years). Sixteen pa-
tients (4.5%) had chronic obstructive pulmonary disease. 
Intraoperative pleural adhesions were found in 10 patients 
(2.8%), and a medical sealant was used intraoperatively in 
167 patients (47.4%). The median time to postoperative 
ALC was 39 hours (interquartile range [IQR], 18.0–89.0 
hours), and the median time to chest tube removal was 3 
postoperative days (POD) (IQR, 2.0–6.5 days). The inci-
dence of PAL was 18.2% (64/352). Most of the operations 
were video-assisted thoracoscopic (VATS) lobectomies for 
primary lung cancer.

Air flow at each time point

Air f low over the postoperative period was compared 
among patients showing early ALC, late ALC, and PAL 



181

Jaeshin Yoon, et al. Prediction of Air Leaks Using Continuous Flow Data

http://www.jchestsurg.org

JCS

(Table 2). While 75% of the patients in the early and late 
ALC groups had flow rates below 25 and 460 mL/min at 3 
POH, respectively, patients in the PAL group had a median 
flow over 500 mL/min at 3 POH (IQR, 210–1,150 mL/min). 
However, the flow declined sequentially in all groups and 
showed approximately 50% reduction between 3 POH and 
1 POD (Fig. 1). Nevertheless, the f low in the PAL group 
was significantly greater than that in the early and late 
ALC groups at each time point. The median f low in the 
early ALC group was 0 mL/min even at 3 POH, while the 
median flow in the late ALC group was below 100 mL/min 
early at 1 POD. In contrast, the median f low in the PAL 
group did not decrease to 100 mL/min even at 3 POD.

Prediction of prolonged air leak on the basis of 
the flow scale

An ROC curve analysis was performed to evaluate the 
cut-off values of predictors. The area under the curve 
(AUC) value for the combination of flow at 3 POH and 1 
POD was 0.911 (95% confidence interval, 0.864–0.958) (Fig. 
2). If the cut-off value was set at 180 mL/min for 3-POH 
flow and 73.3 mL/min for 1-POD flow on the basis of the 
ROC curve, the sensitivity and specificity were 88.9% and 
82.5%, respectively. These results indicated that the flow at 
3 POH and 1 POD together were promising predictors for 
PAL. On the basis of these cut-off values, the PAL rates 
were as follows: f low at 3 POH >180 mL/min or 1 POD 

Table 1. Characteristics of patients with or without PAL

Characteristic All patients (N=352) Non-PAL group (n=288) PAL group (n=64) p-value

Age (yr) 64 (57–72) 64 (58–72) 60.5 (57–72) 0.287
Sex (male) 168 (47.7) 132 (45.8) 36 (56.2) 0.170
COPD 16 (4.5) 11 (3.8) 5 (7.8) 0.291
Diabetes mellitus 53 (15.1) 44 (15.3) 9 (14.1) 0.958
Smoking
   Never-smoker 210 (59.7) 179 (62.2) 31 (48.4) 0.046
   Ex-smoker 87 (24.7) 70 (24.3) 17 (26.6)
   Current smoker 55 (15.6) 39 (13.5) 16 (25.0)
Laterality, right 233 (66.2) 180 (62.5) 53 (82.8) 0.003
Lobe of resection
   Upper (RUL, LUL) 178 (51.9) 131 (46.6) 47 (75.8) <0.001
   Middle (RML) 39 (11.4) 39 (13.9) 0
   Lower (RLL, LLL) 126 (36.7) 111 (39.5) 15 (24.2)
Surgical approach (VATS) 329 (93.5) 271 (94.1) 58 (90.6) 0.461
Intraoperative
   Pleural adhesiolysis 10 (2.8) 8 (2.8) 2 (3.1) 1.000
   Use of surgical sealant 167 (47.4) 137 (47.6) 30 (46.9) 1.000
Operation time (min) 145 (120–180) 145 (120–175) 147 (115.5–199.5) 0.355
Time to ALC (hr) 39 (18–89) 26 (17–65.5) 193 (161.5–240.5) <0.001

Values are presented as number (%) for categorical variables and median (interquartile range) for continuous variables.
PAL, prolonged air leak; COPD, chronic obstructive pulmonary disease; RUL, right upper lobe; LUL, left upper lobe; RML, right middle lobe; RLL, 
right lower lobe; LLL, left lower lobe; VATS, video-assisted thoracoscopic surgery; ALC, air leak cessation.

Table 2. Comparison of air flow between patient groups

Variable
Early ALC 

(time to ALC: 1D, 2D)
Late ALC 

(time to ALC: 3D–5D)
PAL 

(time to ALC: ≥6D)
p-value

No. of patients 200 88 64
Air flow (mL/min)
   3 POHa) 0 (0–25) 210 (70–460) 550 (210–1,150) <0.001
   1 PODb) (average) 0 (0–6.7) 83 (33–193) 380 (202–825) <0.001
   2 PODb) (average) 0 (0–0) 33 (10–77) 197 (72–412) <0.001
   3 PODb) (average) 6 (0–20) 107 (37–258) <0.001

Values are presented as median (interquartile range).
ALC, air leak cessation; PAL, prolonged air leak; POH, postoperative hour; POD, postoperative day.
a)Statistic value. b)Average value of 3 time points (06:00, 13:00, 19:00).
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>73.3 mL/min: 45% (59/131); flow at 3 POH >180 mL/min 
and 1 POD >73.3 mL/min: 53% (48/91) (Table 3).

Prediction of air leak cessation by time-
dependent covariates

The rates of ALC were 56.8% at 48 POH and 65.6% at 72 
POH by Kaplan-Meier analysis (Fig. 3A). The percentage of 
patients with ALC increased with each consecutive hour in 
the postoperative period. PAL significantly prolonged the 
median time to ALC (25 hours versus 189 hours, p<0.001) 
(Fig. 3B). The “maxstat” tool in the R package was used to 
identify the cut-off 3-POH flow value that provided the 
best separation of the cumulative incidence of ALC into 2 
groups. For the overall failure time, the estimated cut-off 
point was 80 mL/min (the maximum of the log-rank sta-
tistic M was 3.1772, and the p-value was <0.0001). By 48 
and 72 hours, respectively, only 17% and 27% of patients 
with high flow at 3 POH showed ALC, in comparison with 
84% and 92% of patients with low flow at 3 POH (Fig. 3C).

Univariate Cox proportional hazards analysis for ALC 
showed positive correlations with a 3-POH flow of 80 mL/
min or less (p<0.001), operation time of 220 minutes or less 
(p=0.0004), and right middle lobectomy (p<0.0001). The 
surgical approach (open versus VATS), whether adhesioly-
sis was performed, and the use of surgical sealants were 
not associated with ALC. Multivariate Cox regression 

analysis for ALC revealed that the 3-POH flow (≤80 mL/
min), operation time (≤220 minutes), and right middle lo-
bectomy independently predicted ALC (Table 4).

Discussion

The present study evaluated a cohort of patients who un-
derwent lung lobectomy and whose chest tube drain was 
connected to a digital drainage system. The air f low was 
followed up daily at designated intervals to determine the 
timing of ALC and, subsequently, the timing of chest drain 
removal. This study highlighted the practical application 
of early postoperative flow data in estimating overall ALC 
and the occurrence of PAL. The rarity of studies predicting 
ALC with a cumulative incidence function for time-depen-
dent covariates makes our findings valuable.

PALs are a frequent and bothersome complication after 
lung resection, and their incidence has been reported to be 
approximately 10% to 15% post-lobectomy [9,14,15]. Reten-

2,500

2,000

1,500

1,000

500

1
P

O
D

fo
lw

b
)

3 POH flow
a)

Smoothing method=LOESS

0 1,000 2,000 3,000

Fig. 1. Scatter plot for 2 continuous variables (3-postoperative 
hour [POH] flowa) vs. 1-postoperative day [POD] flowb)) in all pa-
tients and the 2 variables’ regression line with locally estimated 
scatterplot smoothing (LOESS) locally weighted polynomial re-
gression with a confidence level of 95%. The flow declined with 
time and showed approximately 50% reduction between these 
2 time points. a)Statistic value. b)Average value of 3 time points 
(06:00, 13:00, 19:00).

1.00

0.75

0.50

0.25

1.00

S
e
n
s
it
iv

it
y

1-Specificity

DeLong s test for 2 correlated ROC curves
Z= 1.032, p=0.302

Model: PAL postop 1D average
Optimal cut-off value: 73.3
AUC: 0.929 (0.899 0.958), p<0.001

Model: PAL postop 3H+postop 1D average
Optimal cut-off value: 180 mL/min, 73.3 mL/min
AUC: 0.911 (0.864 0.958), p<0.001

0 0.25 0.50 0.75

lr.eta=0.096

lr.eta=0.095

Sensitivity=88.9%
Specificity=82.5%
PPV=52.8%
NPV=97.1%

Sensitivity=92.1%
Specificity=81.1%
PPV=51.8%
NPV=97.9%

Fig. 2. Receiver operating characteristic (ROC) curve representing 
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Table 3. Prolonged air leak rates in each category by 2 cut-off values

Flow (mL/min) 3 POHa) ≤180 3 POHa) >180

1 PODb) ≤73.3 5/221 (2.3) 1/18 (5.6)
1 PODb) >73.3 10/22 (45.5) 48/91 (52.7)

Values are presented as number (%).
POH, postoperative hour; POD, postoperative day.
a)Statistic value. b)Average value of 3 time points (06:00, 13:00, 19:00).
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tion of the chest tube for longer-than-expected periods of 
time may cause distress, anxiety, and pain in patients, and 
may also result in other cardiopulmonary complications 
[3,4,9] and empyema [1]. Several studies have attempted to 
identify risk factors for PAL [14,16-18] and develop a scor-
ing system to stratify the risk of PAL [9], but their results 
were not consistent and therefore were of limited clinical 

use. It is well known that the most powerful surrogate of 
lung recovery is undoubtedly the air leak status itself. 
However, to our knowledge, previous studies contain lim-
ited flow data that could be used in the clinical setting to 
rapidly stratify the risk of PAL.

Various investigators have evaluated whether grading or 
quantification of the amount of early postoperative air leak 

Table 4. Analysis of potential predictors of air leak cessation

Variable
Univariate Cox regression Multivariate Cox regression

Unfavorable Favorable Hazard ratio p-value Hazard ratio p-value

3-POH flow (mL/min) ≤80 5.24 <0.0001 4.90 <0.0001
Operation time (min) ≤220 1.81 0.0004 1.57 0.0298
Approach VATS 1.60 0.349 1.03 0.9273
Adhesiolysis Yes 0.66 0.1927 0.88 0.7048
Sealant Yes 1.03 0.7535
Lobe RML 2.28 <0.0001 2.40 <0.0001
Ref: lower lobe Upper lobe 0.63 <0.0001 0.80 0.065

POH, postoperative hour; VATS, video-assisted thoracoscopic surgery; RML, right middle lobe; ref, reference.
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can help predict PAL [17,19,20]. Oh et al. [17] reported that 
the sum of 6 consecutive values of air leak grades for every 
8-hour record on postoperative days 2 and 3 was the most 
powerful predictor of PAL, presenting a positive predictive 
value of 75.7% when SUM4to9 ≥16. Goto et al. [16] also re-
ported the importance of quantitative postoperative air 
flow findings in predicting PAL. They measured the aver-
age flow per hour at 0, 12, 24, and 36 hours postoperatively 
with the digital drainage system and showed that air flow 
greater than 20 mL/min at 36 POH was a powerful predic-
tor of PAL, with a sensitivity and specificity of 91% and 
73%, respectively. The results of our study are consistent 
with the findings of previous reports. The air f low at 3 
POH in the PAL group was significantly higher than that 
in the non-PAL group in our study. The same results were 
seen at 1, 2, and 3 POD, when the mean flow over the day 
was compared. Using ROC curve analysis, our results 
showed that an air leak of 180 mL/min or greater at 3 POH 
and a mean air leak of 73.3 mL/min or greater at 1 POD 
was a risk factor for PAL, with a sensitivity and specificity 
of 88.9% and 82.5%, respectively.

In addition to proposing a practical and effective method 
for predicting PAL, this study tangibly confirms our hy-
pothesis that the amount of early postoperative air leakage 
can predict the timing of ALC in our analysis of time-to-
event data. The cases in which the air f low at 3 POH did 
not reach 80 mL/min tended to show earlier ALC; thus, the 
air leak ceased by 72 POH in 92% of the patients. This 
would greatly simplify the selection of patients for preemp-
tive interventions (such as chemical pleurodesis), allowing 
earlier and safer removal of the chest drain. Based on our 
findings, patients with a 3-POH f low over 80 mL/min 
might be considered to be a candidate for early chemical 
pleurodesis at 3 POD if ALC has not been achieved.

Furthermore, other patient-related or intraoperative 
variables were positively or negatively associated with ALC 
according to the Cox proportional hazard model. Middle 
lobectomy favorably predicted ALC in our cohort. The 
simplicity of the surgical procedure and the smallest lobe 
included in the procedure could play a role in controlling 
air leaks. A shorter operation time also favorably predicted 
ALC. The operation time for lobectomy depends on the 
simplicity of the surgical procedure, which is closely asso-
ciated with the anatomical morphology in terms of the 
presence or absence of the main fissure and variations in 
main fissures (incomplete or complete). This is an import-
ant aspect in intraoperative planning of lobectomy, since 
the planned procedure may change to avoid a postopera-
tive air leak once the presence of a variant fissure is noted 

[21,22]. Moreover, whether adhesiolysis was performed or 
sealants were used had no impact on ALC. Since the oper-
ation time is much longer in cases necessitating adhesioly-
sis and operations are more likely to be complex in cases 
requiring sealant usage, the air leaks in those cases were 
obviously well controlled with sealant usage and by experi-
enced hands.

However, this study had the following potential limita-
tions. The retrospective nature of the study may have re-
sulted in some problems in defining and recording the 
variables. In particular, since ALC was determined retro-
spectively from medical records, there may have been some 
discrepancies between real and defined cessations. In addi-
tion, we did not apply strict rules for chest tube removal. 
The timing of chest tube removal was influenced by the 
amount of drainage and was also dependent on the physi-
cian’s discretion.

In conclusion, this study clarified the importance of 
evaluation of postoperative air leaks for PAL and ALC pre-
diction after pulmonary lobectomy. The results confirmed 
that ALC is a predictable condition that should be evaluat-
ed based on flow itself and intraoperative factors together. 
Surgeons are encouraged to apply an objective and pre-
emptive approach to ALC during the postoperative course 
after lung resection.
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