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Background: Prolonged air leak (PAL) is often the limiting factor for hospital discharge after lung surgery.
Our goal was to develop a statistical model that reliably predicts pulmonary air leak resolution by applying
statistical time series modeling and forecasting techniques to digital drainage data.

Methods: Autoregressive Integrated Moving Average (ARIMA) modeling was used to forecast air leak
flow from transplural air flow data. The results from ARIMA were retrospectively internally validated with
a group of 100 patients who underwent lung resection between December 2012 and March 2017, for whom
digital pleural drainage data was available for analysis and a persistent air leak was the limiting factor for
chest tube removal.

Results: The ARIMA model correctly identified 82% (82/100) of patients as to whether or not the last
chest tube removal was appropriate. The performance characteristics of the model in properly identifying
patients whose air leak would resolve and who would therefore be candidates for safe chest tube removal
were: sensitivity 80% (95% CI, 69-88%), specificity 88% (95% CI, 68-97%), positive predictive value
95% (95% CI, 86-99%), and negative predictive value 59% (95% CI, 42-79%). The false positive and false
negative rate was 12% (95% CI, 12-31%) and 20% (95% CI, 12-31%).

Conclusions: We were able to validate a statistical model that that reliably predicted resolution of
pulmonary air leak resolution over a 24-hour period. This information may improve the care of patients with

chest tube by optimizing duration of pleural drainage.
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Introduction

Prolonged air leak (PAL) can afflict 5-25% of patients after
pulmonary resections (1-3). PAL is defined as an air leak
lasting longer than 5 days postoperatively and has been
associated with increasing length of hospital stay and other
post-operative morbidity such as pneumonia, empyema, and
atelectasis (4-6). Many patients with PAL may be discharged
home with a portable chest drain valve device. Extended
length of stay and associated complications from PAL can
impair the patient’s quality of life and increase health care
costs (7). Various algorithms, nomograms, and scoring
systems have also been proposed to predict patients likely
to develop PAL (1-3,8-12). However, there has yet to be a
widespread adoption of a single predictive model because of
complexity associated with implementation.

The introduction of digital drainage devices permit
continuous measurement and recording of parameters
suggest as airflow and intrapleural pressure in the pleural
space. The use of these digital devices has been shown
to decrease inter-observer variability in the management
of patients with chest drains (13). Research focusing on
transforming digital drainage data into relevant information
to guide patient care holds promise and is in its infancy (14).
Our goal was to develop a statistical model that reliably
predicts pulmonary air leak resolution by applying statistical
time series modeling and forecasting techniques to digital
drainage data. From an air leak management standpoint,
we also postulated that the forecasted data could be used to
predict whether or not it would be safe for a patient to have
their last chest tube removed prior to discharge.

Methods

Autoregressive Integrated Moving Average (ARIMA) time

series modeling

We used an ARIMA time series modeling approach to
forecast air leak flow from transpleural airflow data (15).
ARIMA is a widely used statistical analysis model, similar
to a regression analysis, that predicts future trends. ARIMA
examines differences in past values to predict current
value and its main application is in short term forecasting.
It is particularly useful when there is little mathematical
background knowledge about the underlying data and
trends (16). For our model, the minimum historical time
window to provide enough observations to train the model
was set at 16 hours (Tjone)- The time into the future for
which values were predicted was defined as (Tipri0n)- T Horizon
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was set at 24 hours to represent the best compromise
between accurate forecasting and sufficient lead time to
guide clinical practice. Details pertaining to the model can
be found in the appendix (Supplementary I).

Predicting pulmonary air leak resolution

ARIMA was used to generate a 95% confidence interval
(95% CI) for the forecasted airflow in the 24-hour
forecasting horizon. As a safety margin, we extended this
horizon to include a 3-hour post-leak-resolution period
to ensure that air leak resolution criteria were still met.
The time at the end of the 3-hour safety period was used
to define the predicted chest tube duration in the air leak
forecasting model (T'p,.y).

Data collection

Once we established our ARIMA statistical model, we
internally validated our model by retrospectively reviewing
100 patients who underwent pulmonary resection between
December 2012 and March 2017. Ethics approval was
obtained from our institutional research ethics board. We
included any patient that had both digital drainage device
data available for analysis and for whom persistent air
leak was the limiting factor in chest tube removal. Cases
included both benign and oncologic disease process as well
as elective and emergency cases. Airflow and fluid output
were recorded prospectively using a digital drainage device
(Thopaz-Plus™, Medela, Switzerland).

Clinical chest tube protocol

Our institutional clinical chest tube removal protocol is
based on resolution of parenchymal air leak, volume of
chest tube drainage, status of subcutaneous emphysema and
results of chest X-ray. Staff surgeons as well as residents
under the guidance of staff, assessed the patients twice a day.
Removal of the last chest tube was considered safe when the
following criteria were met:
() Resolution of air leak: initially we had a more
conservative criteria of a air flow threshold of
20 mL/min with a pleural pressure -8 mmHg or
40 mL/min with set pleural pressure <-8 mmHg
both over 12 hours. However, subsequent to ongoing
assessment of our outcomes, a less conservative
target of 30 mL/min over 8 hours regardless of the
intrapleural pressure.
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Table 1 Patient characteristics

Characteristic Results
Gender (M:F) 40:60
Age* (years) 69 [62-76]
BMI* (kg/m?) 27 [23-29]
Smoking history 64%
FEV1%* 75 [50-93]
DLCO%* 66 [39-80]
Lung cancer diagnosis 90%
VATS 81%
Lobectomy 78%

*, Data expressed as median value [interquartile range]. FEV1%,
percent of forced expiratory volume in 1 second.

(II) Pleural fluid output: volume less than five times
body weight in kilograms in a 24 hour period (i.e.,
<20% of whole-body lymphatic flow) (2,4,8).

(IIT) Status of subcutaneous emphysema: absent, mild,
or stable over 24-hour period.

(IV) Results of chest X-ray (CXR): absent or small
pneumothorax, absent or small amount of pleural
effusions.

Assessing chest tube duration

We reviewed patient’s chart to determine optimal duration
of chest tube placement (T,,). Chest tubes are inserted at
the end of the case; therefore we used the end surgical time
as a surrogate for chest tube insertion. T, was defined as
the length of time between chest tube insertion to the time
when the last chest tube fulfilled the chest tube protocol
criteria (resolution of air leak, appropriate pleural drainage,
stable subcutaneous emphysema, benign and/or stable chest
X-ray).

Specificity and sensitivity of the model was determined
by comparing the calculated Ty, to the clinical T, The
predicted chest tube removal time was considered clinically
appropriate when it was within 12 hours in advance of the
optimal removal time. Twelve hours was arbitrarily selected
as a conservative number for patient safety.

Refining the model to account for delay

In clinical practice, a potential reason for delay is the
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availability of qualified personnel to immediately assess and
remove a chest tube. Also, at our institution, chest tubes are
not removed in the evening or overnight. Our model was
adjusted to take these factors into account. The details are
described in the appendix (Supplementary II).

Statistical analysis

Numerical continuous data were expressed as a median
value with a 25"-75" percentile interquartile range (IQR).
Statistical analysis of ordinal variables was conducted.
Confidence intervals (CI) and hypothesis testing were
performed with statistical significance level 0=0.05. All tests
of significance were two-sided. Categorical variables were
analyzed for statistical significance using Fisher’s exact test.
Numerical variables were compared using the Student’s
t-test or the Wilcoxon rank sum test. Statistical analyses
were carried out using SPSS24 (IBM, Armonk, NY) and
Excel 2010 (Microsoft, Redmond, WA).

Results
Demographics

The baseline characteristics of the 100 patients are
summarized in 7Table 1. Ninety percent (90/100) of patients
had a diagnosis of lung cancer, 60% (60/100) were female,
and 64% (64/100) had a history of smoking. The majority
of patients underwent lobectomies, and video-assisted
thoracoscopic surgery (VATS) was the most common
approach.

Accuracy of our model

In total, the model correctly identified 82% (82/100) of
patients as to whether or not removal of the last chest tube
was indicated (n=60 chest tube remain; n=22 remove chest
tube) (Tuble 2).

Chest tube removal was deemed clinically appropriate
in 75% (75/100) of the patients in this study. Of these 75
patients, 80% (60/75) were correctly identified using the air
leak forecasting model.

For the group of 25 patients for whom chest tube
removal was not clinically indicated, 88% (22/25) were
appropriately classified as having a non-resolving air leak.
The performance characteristics of the model in properly
identifying patients whose air leak would resolve and who
would therefore be candidates for safe chest tube removal
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Table 2 Performance and safety of the air leak forecasting model

Clinical indication

Model prediction  Removal chest Maintain chest ~ 1otal (n)
tube (n) tube (n)

Removal chest 60 3 63

tube (n)

Maintain chest 15 22 37

tube (n)

Total (n) 75 25 100

were: sensitivity 80% (95% CI, 69-88%), specificity 88%
(95% CI, 68-97%), positive predictive value 95% (95%
CI, 86-99%), and negative predictive value 59% (95%
CI, 42-79%). The false positive and false negative rate
was 12% (95% CI, 12-31%) and 20% (95% CI, 12-31%),
respectively. The median absolute error on forecasted air
leak flow was 5.2 mL/min (IQR, 2.4-14.4 mL/min).

As shown in Table 2, the model forecasted resolution of
the air leak and thus predicted that all chest tubes could be
safely removed in 63/100 of the patients. T',,.; was clinically
appropriate (i.e., within the 12 hours preceding Ty, in
84% of these patients (53/63; 95% CI, 73-91%). In the
remaining 16% (10/63) of patients for whom T, was
deemed not clinically appropriate, three were misclassified
by the model because the air leak initially resolved and
subsequently recurred. The latter three patients were
discharged with an indwelling chest tube attached to a
portable device because of a PAL. Figure 1 illustrates one of
these three cases. In this example, the chest tube removal
criteria were satisfied three times between periods of air
leak recurrence.

For the other seven patients, air leak resolution predictions
were accurate. In 6 of these 7 cases, Tp.q appropriately
coincided with a period when the air leak resolution criteria
were met. However, there were clinically insignificant brief
airflow spikes above Q- o [Maximum airflow threshold
value over a period of length > T ¢jical erireria (length of
minimum time period over which airflow < Q-yenola)]
which delayed chest tube removal until they eventually
subsided over a median period of time of 28 hours

(IQR, 23-33.5 hours).
Discussion

As was the case for cardiac monitors over 50 years ago,
digital drainage devices have introduced a continuous
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Figure 1 Short-lived airflow values below the critical threshold
may lead to a premature forecast of air leak resolution. For
example, in this patient, periods of temporary air leak resolution
resulted in the chest tube removal criteria being satisfied three
times between periods of air leak recurrence. In this example, this
patient was accurately discharged with an indwelling chest tube

because of a persistent air leak (T, ).

stream of clinical data from patients who have a chest
tube. In-depth analysis of pleural space monitoring data to
generate clinically actionable information is an emerging
field of study (17-19). Many factors are involved in
successfully managing patients with chest drains. Clinical
decisions revolving around parenchymal air leaks may
be challenging for novices and experts alike. We were
able to develop a statistical model that reliably predicted
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Figure 2 The upper limit of the 95% CI for air leak flow
prediction and the probability of air leak resolution at 19 hours
following surgery. At this time point, no portion of the upper
limit of the 95% CI of the predicted air leak flow meets air leak
resolution criteria. The probability that the patient’s air leak will
resolve during T}, is thus estimated at zero (bottom graph). The
model prediction supports continued chest tube drainage at this

time point.

resolution of PAL forecasting over a 24-hour period. The
model performance was within clinically acceptable safety
boundaries when differentiating patients whose air leak
would soon resolve from those whose air leak would be
prolonged. The 24-hour prediction window provided by the
current model would provide sufficient time for the surgical
team to plan ahead for chest tube removal or discharge with
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Figure 3 For the same patient, the upper limit of the 95% CI for
air leak flow prediction and the probability of air leak resolution at
44 hours following surgery. At this time point, only a small portion
of the upper limit of the 95% CI falls below the critical threshold
for air leak resolution. The probability that the patient’s air leak
will resolve during Ty,0n 1S 32% (bottom graph). The model
prediction supports continued chest tube drainage at this time

point.

an indwelling tube.

Clinical application of the model is illustrated using a
single patient’s data in Figures 2-5. At any point in time,
air leak flow can be forecasted based on the preceding
16 hours. The time to air leak resolution can be predicted
by evaluating whether or not the predicted air leak flow
remains below a predetermined threshold of 30 mL/min for
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Figure 4 In the same patient, 2 hours later (46 hours after
surgery), most of the upper limit of the 95% CI now falls below the
threshold for air leak resolution. As a result, the probability that
the patient’s air leak will resolve during T, increases sharply
to 97%. For safety reasons, discontinuation of chest tube drainage
will not be supported by the model until the probability of air leak

resolution exceeds 95% for 3 consecutive hours.

a sufficient amount of time. If the predicted air leak remained
below threshold, the air leak is considered resolved and the
chest tube can be removed.

We know from previous institutional experience that up
to 6% of patients may require chest tube re-insertion for
a recurrent or undetected persistent air leak. As a safety
measure, we required that the upper limit of the 95%
CI of the predicted airflow satisfy the set of criteria for
discontinuing pleural drainage. Since the purpose of this
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Figure 5 From 60 to 63 hours after surgery in the same patient,
the probability of air leak resolution has exceeded 95% for 3
consecutive hours. At that point in time (T,.; =63 hours), the air
leak is predicted to have resolved and chest tubes could be safely
removed according to the model. Using the model to predict
airflow could have decreased chest tube duration by approximately
24 hours in this case (T, 87 hours).

model is to assist rather than replace the clinical team, it
seems unlikely that the three patients whose air leak was
incorrectly predicted to resolve would have experienced
adverse consequences.

We recognized that limitations associated with a
retrospective study design introduce bias in the results.
The focus on safety and reducing false-positives led to a
low negative predictive value (59%). Also, the proposed
model has limited capabilities to forecast recurrence of an
air leak after a transient period of complete resolution (non-
stationarity airflow variations). Prediction errors due to
fluctuation in transpleural airflow data may be minimized
by exploring alternative forecasting strategies. For instance,
artificial neural network, a type of adaptive model, has been
shown to perform well in the presence of significant non-
stationarity, when combined with ARIMA (16). We think
that successful transformation of pleural space monitoring
data into clinically relevant information will require a
combination of various dynamic and adaptive modeling
approaches.

The literature has had mixed results on whether digital
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devices provides additional benefit over a traditional device
(13,20,21). We believe that using digital devices to forecast
PAL resolution demonstrates that digital devices have great
potential to be integrated into an effective clinical decision
system. For instance, if an air leak is anticipated to quickly
resolve, the patient may remain admitted to hospital with
the goal of removing chest tube prior to discharge for a
better quality of life. However, if the digital device indicates
a non-resolving air leak, we may discharge the patient with
a portable chest valve drain or consider use of pleurodesis.
The ability to predict the nature of the PAL could shorten
length of stay. More research efforts are needed to develop
such clinical decision support systems and evaluate their
impact on clinical outcomes.
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Supplementary

1 ARIMA time series modeling

An ARIMA time series modeling approach was used to
forecast air leak flow from transpleural airflow data (9).
The minimum historical time window to provide enough
observations to effectively train the model was 16 hours
(THistorical). If the current time is Ty, the historical data
window extends from Ty,,~16 hours until Ty, (Tx.w—16,
Tow)- For each patient, numerous ARIMA(p, d, q) models
were tested by varying parameters p, d, and q, over the
set of values [0, 1, 2, 3, 4, 5]. The optimal ARIMA(p, d, q)
model was selected based on two performance criteria:
the Bayesian Information Criterion (BIC) and the Real
Mean Square Root (RMSE) (10). The BIC model selection
criterion trains the model on (TY,,~16, Ty..) and selects
the ARIMA(pl, d1, q1) model which minimizes the BIC
over this interval (2). The RMSE model selection criterion
trains the model on the time window (T'y,,~16, Txo—8) and
selects the ARIMA(p2, d2, q2) model which minimizes the
forecasting RMSE over the subsequent interval (Ty,,~8,
Txow)- The optimal ARIMA(p, d, q) model was the average
of ARIMA(p1, d1, ql) and ARIMA(p2, d2, q2) fitted models.
The optimal ARIMA(p, d, q) model was selected based
on historical transpleural airflow measurements observed
up to Ty, on a patient-by-patient basis. Future values of
these measurements were forecasted with the model over
a specified time horizon (Tioon)s (Thow L Now™ L Horizon) -
Airflow readings were analyzed retrospectively for each
patient. Within the dataset, forecasting was calculated
progressively as time elapsed. The optimal forecasting
model for each patient was regenerated every hour. An
analysis of various durations of Ty, was performed.

Torizon =24 hours represented the best compromise between
generating an accurate forecast and providing sufficient lead
time to be clinically relevant to the healthcare team.

11 Adjusting for availability of qualified personnel

This specific constraint was taken into account by creating
a constant (R), arbitrarily set to 6 hours, and subtracting
it from any delay period. Chest tubes are not typically
removed in the evening or at night. If TPred or TOpt
ended between 18:00 and 06:00 then the chest tube removal
time was put on hold for the number of hours until the next
06:00 time slot (T)-

Our formula: I,

= |:(TACt Vv Tpred ) - TOpt:| - (R + THo[d )

For example, if a patient was deemed to have met all clinical
criteria for chest tube removal by 21:00 on Wednesday and
the last chest tube was removed the next day at 16:00.

Top =21:00
Ty = 16:00 the following day

[(TACt VT ) - TOth =Number of hour delay between

optimal time of removal and actual time of removal
=19 hours

Ty = time between 21:00 and 06:00 =9 hours

R =6 hours

Therefore:

Touey = (Taa VT,

pred

)_ T()pt } - (R + T )

Ty =19-(6+9)= 4 hours.



