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Abstract
It is commonly believed that the size of a pneumothorax is an important determinant of treatment
decision, in particular regarding whether chest tube drainage (CTD) is required. However, the
volumetric quantification of pneumothoraces has not routinely been performed in clinics. In this
paper, we introduced an automated computer-aided volumetry (CAV) scheme for quantification of
volume of pneumothoraces in chest multi-detect CT (MDCT) images. Moreover, we investigated
the impact of accurate volume of pneumothoraces in the improvement of the performance in
decision-making regarding CTD in the management of traumatic pneumothoraces. For this
purpose, an occurrence frequency map was calculated for quantitative analysis of the importance
of each clinical parameter in the decision-making regarding CTD by a computer simulation of
decision-making using a genetic algorithm (GA) and a support vector machine (SVM). A total of
14 clinical parameters, including volume of pneumothorax calculated by our CAV scheme, was
collected as parameters available for decision-making. The results showed that volume was the
dominant parameter in decision-making regarding CTD, with an occurrence frequency value of
1.00. The results also indicated that the inclusion of volume provided the best performance that
was statistically significant compared to the other tests in which volume was excluded from the
clinical parameters. This study provides the scientific evidence for the application of CAV scheme
in MDCT volumetric quantification of pneumothoraces in the management of clinically stable
chest trauma patients with traumatic pneumothorax.
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1. Introduction
Pneumothorax, a potentially life-threatening condition, is present in 30-39% of patients
suffering chest trauma [1-3]. Prompt identification and treatment of traumatic pneumothorax
are an imperative part of emergency care for chest trauma patients [4]. Current treatment
guidelines, the BTS (British Thoracic Society) [5] and the ACCP (American College of
Chest Physicians) [6] guidelines, recommended the treatment of chest tube drainage (CTD)
for patients in the presence of clinically unstable conditions and symptoms: such as severe
hypoxia, very low blood pressure, or an impaired level of consciousness. These clinically
unstable patients tend to be treated before CT imaging or even chest radiography. However,
the optimal management of traumatic pneumothoraces for clinically stable patients, i.e.
whether to place a chest tube in patients who are otherwise stable, continues to be a
contentious issue, considering that the treatment of CTD has a reported complication and
failure rate of up to 30% [7-10].

Recent studies observed that the incidence rate of CTD varied from 31% [11] to 67% [12] of
injured pneumothorax patients, and up to 82% for patients with concurrent hemothorax [13].
Despite the fact that the size and distribution of overt and occult pneumothoraces are
statistically similar [14], 65% of injured patients received a CTD in the case of overt
pneumothorax, whereas only 31% underwent CTD when the pneumothorax was occult [11].
Some studies suggest that carefully selected patients may be treated conservatively,
ultimately required CTD only in about 10% of cases [15,16]. This large variance in practice
reflects the difficulty clinicians have in determining the appropriate treatment for
pneumothorax. Overtreatment is particularly important with CTD, as it is associated with an
up to 22% rate of major complications [17], including insertional, positional, and infection
issues [7,17-19].

It is commonly believed that the size of a pneumothorax is an important determinant of
treatment, in particular regarding whether CTD is required [20]. Traditionally,
pneumothorax has been diagnosed and its size estimated by use of chest radiography (CXR).
A study showed that, by use of an experimental model of pneumothorax, the 2D image
analysis on CXR gave a poor estimation of the volume of pneumothorax, regardless of the
methods chosen for calculation [21]. With the rapid development of multi-detector CT
(MDCT), CT scanning of trauma patients has become the primary method of trauma survey,
which provides higher sensitivity and specificity than does either ultrasound or CXR[22,23].
Recently, an automated computer-aided volumetry (CAV) method for quantifying
pneumothorax in MDCT images has been developed and evaluated in traumatic patients
with occult pneumothorax [24]. However, it is still unclear whether the application of
MDCT volumetric quantification of pneumothoraces will tangibly improve the performance
in the decision-making regarding CTD.

The purpose in the present study was to investigate whether the MDCT volumetric
quantification of pneumothoraces is the dominant clinical parameter in decision-making
regarding CTD and thus it may improve the performance in the management of clinically
stable patients with traumatic pneumothoraces. For this purpose, we developed an
occurrence frequency map that analyzed quantitatively the impact of each clinical parameter
in decision-making regarding CTD by use of a computer simulation for decision-making,
which employed a genetic algorithm (GA) [25] and a support vector machine (SVM) [26].
By incorporation of the volume of pneumothoraces calculated by our CAV scheme in
MDCT images and the diagnostic data collected in a patient trauma survey, the occurrence
frequency map quantifies the importance of each clinical parameter in decision-making
regarding CTD. Furthermore, the occurrence frequency map provides the scientific evidence
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for the application of CAV scheme in MDCT volumetric quantification of pneumothoraces
in the management of clinically stable patients with traumatic pneumothorax.

2. Materials and methods
Our institutional review board (IRB) approved this retrospective, HIPAA-compliant study.
Informed consent was waived, but patient confidentiality was protected.

2.1. Study patients
Sixty consecutive chest trauma patients who had at least one diagnosed pneumothorax on
MDCT were collected for this study at a university level I trauma center from January 2008
to December 2009. The patient inclusion criteria for the study were: (1) chest trauma
patients aged ≥18 years were diagnosed with a pneumothorax by CT scan; (2) the patients
were not treated by CTD before the acquisition of the chest CT scan. The patient exclusion
criteria for the study were as follows: (1) any patient with no CT scan available in our
radiology department’s information system; (2) any patient who received a chest tube before
chest CT scan because of clinical instability.

All subjects were scanned by MDCT scanners (either GE 64-slice or GE 16-slice CT
scanner, GE Healthcare, Milwaukee, Wisconsin) with the following parameters: supine
position, 120-140 kVp voltage, auto mA tube current setting, 1.25 mm collimation, and 2.5
mm reconstruction interval. A total of 14 clinical parameters that are associated with the
CTD decision-making, as described in Table 1, was collected from the original reports, with
the exception of the volume that was calculated based on our CAV scheme on MDCT
images.

Two trauma surgeons reviewed all collected cases and established the ground truth
regarding the decision for CTD in consensus based on the protocol below.

• For patients who were treated by CTD, the clinical cause and the duration of CTD
were reviewed. If the output of the chest tube (presence or absence of air leak or
fluid output) suggested that the chest tube was necessary, then it was decided that,
in fact, the chest tube was necessary. If the chest tube had no output and was
removed within the first 24–48 h, CTD was deemed unnecessary.

• In addition, CTD was deemed necessary if the use of a chest tube or the lack of a
chest tube changed the oxygenation of the patient, as indicated by pulse oximetry
readings or arterial blood gas results, or the patient had an expanding
pneumothorax. Otherwise, CTD was deemed unnecessary.

2.2. Computer-aided volumetry of pneumothorax
We developed an automated CAV scheme for quantifying of pneumothoraces in the MDCT
images of chest trauma patients [24]. The CAV scheme consisted of four automated steps, as
illustrated in Fig. 1, (1) extraction of the pleural region; (2) detection of pneumothoraces; (3)
segmentation of the detected pneumothoraces; and (4) volumetry of the segmented
pneumothoraces. The CAV scheme was performed in the entire 3D volume of MDCT
images.

2.2.1. Extraction of pleural region—The presence of pneumothoraces, contusion,
subcutaneous emphysema and streak artifacts on chest trauma MDCT images tend to cause
the under-segmentation (missing) and/or oversegmentation (leakage) in the extraction of
chest cavity and thus introduces false negatives/positives to the segmentation of
pneumothoraces. We applied an automated method named pleural region geometric
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modeling (PR-GM) for extraction of the entire pleural region by modeling the pleural
surface in MDCT images [27], which uses rib structures as references based on the fact that
the pleural cavity is surrounded by the ribs and its surface is very close to the ribs.

Let I(X) denote the CT value at a point X = (x,y,z) ∈ R3 in a CT volume. An axial slab
centered at axial slice Z0 is defined: SK(Z0) = {I(x,y,z)|Z0-K ≤ z ≤ Z0 + K}, which
encompasses a number of 2K + 1 consecutive axial slices. SK sweeps through the entire data
volume along axial direction Z, as illustrated in Fig. 2(a).

In each axial slab SK(Z0), a closest bone projection (CBP) image at axial slice Z0,
SK(Z0)CBP, is defined as the closest voxel along the direction Z that is above the threshold of
bone CT value. If no value above the threshold is found along the direction Z in slab SK(Z0),
the maximum along direction Z is used for the pixel.

where

where  is the maximum intensity projection (MIP)
image of SK(Z0), IBone is the threshold of bone CT value, empirically we set IBone = 200
HU.

Fig. 2(b) shows a CBP image, in which the closest bone points are marked by red color. The
inner contours of the ribs were detected by casting rays from the image center to the
boundaries. Suppose that the lung is located in the middle of the image in chest CT images.
Two centers, the left center (L) and the right center (R), were defined for the left pleural
region and the right pleural region, which are estimated using the image size: L = (1/4Rx,
1/2Ry), R = (3/4Rx,1/2Ry), where Rx, Ry are the image resolution on the axial slice.

We cast a ray from the center (L or R) to every point on the image boundary in the order of

: left, upper, right and lower, i.e., x = 1, x = Ry, x = Rx, y = 1, as shown in Fig. 2(b).
If a ray hits a rib, the intersect point that is closest to the image centers along each ray is
preserved in the interest rib point set SL or SR. A cubic NURBS curve C0(t) is estimated by
least-squares fitting of the interest rib points in each set of SL and SR, respectively, by

minimizing: , where Ri,3(t) is the cubic NURBS basic functions and
Pj is the control points, Sj is intersect point in SL or SR.

To match the curve C0(t) to the target pleural boundary, points Ci in C0(t) are updated by
searching from the current location along a profile normal to the initial curve C0(t) within a
length lCBP, which is determined by the thickness of SK(Z0), i.e., lCBP = 2 K. To find the
update point, we used the following searching function:
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where ni is the normal of the curve, gi is the local gradient direction, Ĉi is the updated point
of which the gradient has the same direction as the curve normal.

Once all points in C0(t) are updated, an updated curve C1(t) is generated and the pleural
region is extracted using the contour C1(t) on each axial slice. Both pleural regions estimated
by use of the left and right center points are merged. The final pleural region is determined
by a region growing within C1(t) using a threshold of ≤−600 HU on each slice.

Fig. 2(c) and (d) compare the pleural regions extracted by the traditional region growing
method using the same threshold of ≤−600 HU (cf. image (c)) and by the developed PR-GM
method (cf. Image (d)). It demonstrated that PR-GM method can precisely define the
boundaries of the pleural surface, which effectively excludes subcutaneous emphysema that
is usually outside the chest cavity.

2.2.2. Detection of pneumothoraces—Because a pneumothorax tends to appear as a
homogeneous air pocket between the pleural surface and the lung parenchyma,
pneumothorax candidates are defined as contiguous regions of homogeneous air pockets
within the pleural region. Two image features, the local mean Ī(X) and the standard
deviation SD(X) of CT values at point X,

are employed in the extracted pleural region for detection of pneumothorax candidates. The
window size is set empirically 5 × 5 × 5. We used the following thresholds to detect the
homogeneous air pocket:

This was followed by a 3D connectivity check for detecting the continuous regions of air;
i.e., the volume of the air region is larger than a predefined size, such as 0.1 cc. The detected
air regions were marked as the pneumothorax candidates, as demonstrated in Fig. 3(b).

2.2.3. Segmentation of pneumothoraces—Pneumothoraces were precisely segmented
from the pleural regions by use of our previously developed dynamic-thresholding level-set
(DTLS) method [28]. The DTLS was initialized by the pneumothoraces detected in the
previous step and evolved within the segmented pleural region.

Our DTLS method used multiple speed functions as well as a shell structure, which is a
thick 3D region encompassing the level set front, and the histogram of the voxel values
within the shell for calculating the values of the speed functions [28]. DTLS is evolved by:
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where FA(x) = sign(f(x)) · |f(x)|n, , and

Here, sign(x) is a sign function (a.k.a an indicator), i.e., 1 if x is positive and −1 if x is
negative; n is an integer factor that controls the smoothness of the speed of the level set front
(we used n = 2 for simplicity); τ is a threshold value, determined by Otsu’s method [30], that
separates the object (foreground) and background in the histogram of the shell. The range,
Δ, is set to half of the difference between the threshold and the peak value of the histogram
in the shell. FC is a smoothing term of the shape of the front that is proportional to the mean
curvature flow ensuring the numerical stability of the forward-in-time, centered-in-space
solution of the partial differential equation [29]. CCurvature is the control parameters
smoothing the segmentation results, which was set 0.1 in our study.

During the evolution, the front of the level set was pushed toward the boundary of the
pneumothoraces by the optimal threshold calculated from the shell. Fig. 4 demonstrates the
process of DTLS on segmentation of a pneumothorax in the right lung in Fig. 3. As a result
of segmentation, the medial axis of the shell delineated the boundaries of the pneumothorax,
as shown in Fig. 3(c) and (d).

2.2.4. Volumetry of pneumothoraces—The segmented pneumothoraces were grouped
into the left and right pleural cavities and thus the volume of pneumothoraces in the left and
right pleural cavities were calculated, respectively, as shown in Fig. 5(a), which
demonstrates the results of the automated CAV scheme on 3D images. Fig. 5(b) and (c)
shows the 3D rendering images of the segmented pneumothoraces and pleural regions in
different visualization modes.

This CAV scheme has been validated in an animal study in which the relative difference was
1.66% for the pneumothoraces ≥25 cc and in a patient study in which the relative difference
was 7.43% for the pneumothoraces ≥10 cc, and the false-positive rate was, on average, 0.9
per case [24].

2.3. Occurrence frequency map of parameters
We developed an important metrics, occurrence frequency, that quantifies the relative
importance of individual clinical parameter in decision-making regarding CTD by use of a
computer simulation of decision-making that employed a genetic algorithm (GA) [25] and a
support vector machine (SVM) [26]. The GA is a stochastic search technique that searches
the optimal parameter combination (or ‘chromosome’ in GA terminology) by maximizing
the separation power of a classifier through the possible combinations of clinical parameters
based upon the principles of genetic variation and natural selection. Fig. 6 illustrates the
process of selecting an optimal parameter combination.

In the context of this study, a parameter combination was modeled as a chromosome or a
parameter vector:
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where ai is the variable (or “gene” in GA terminology), which has a binary value ai ∈ {0,1}.
The search space Dn ∈ [0,1] was defined as an n-dimensional binary space where 0 and 1
represent the exclusion and inclusion, respectively, of parameter i.

A typical chromosome V may look like 10010101110011, where 1 indicates that the
parameter corresponding to ai is selected for the decision-making regarding CTD; otherwise
it is not selected. The decision regarding CTD is binary, i.e., 0 does not need for CTD
(conservative solution), 1 needs for CTD (drainage solution). The performance of V was
assessed by a fitness function F(V) using the parameter combination selected by the
chromosome V. The fitness value is defined as the area under the receiver operating
characteristic (ROC) curve exported by an SVM classifier [26], i.e., the Az value. We
employed the leave-one-out cross-validation method [31] to estimate the ROC curve. The
leave-one-out method is known to provide an unbiased estimate of the performance of the
predictive model that is also more accurate than those of alternative cross-validation or hold-
out schemes [31]. The SVM classifier was trained by the selected parameters of all but one
case. The trained model was then tested with the case that was excluded for training for
calculation of the likelihood of the need for CTD. This procedure was repeated for each case
until all available cases have been tested in this manner.

The population size was set to 16 in our GA evolution, i.e., 16 chromosomes V1 …V16 in
each generation. The initial population was randomly generated. Then, the corresponding
fitness value F1 …F16 were calculated. At each evolution, 8 pairs of chromosomes were
mated by the roulette-wheel selection algorithm with the probability of being selected

. Thus, chromosomes with high fitness values were more likely be selected
than that with low fitness values. Once a pair of chromosomes was selected, offspring of the
pair were generated by 2-points crossover and 10% mutation probability for genes. The
fitness value of each chromosomes in the new population was evaluated and the whole
procedure repeated:

Generate random population V1 …V16

REPEAT

evaluate fitness values F1 …F16 of current population by the SVM classifier

select 8 pairs of chromosomes by roulette-wheel selection algorithm

for each pair of chromosomes:

perform 2-points crossover and mutation with 10% probability

to give new improved population

UNTIL finished

The GA and SVM parameters that were used in the study are summarized in Table 2. During
the GA evaluation, all of the evaluated chromosomes were saved and sorted based upon
their fitness function F(Vi). The top N chromosomes with the largest fitness values were
selected as the N-best chromosome set.

The relative importance of an individual parameter (pi) was assessed by the occurrence
frequency of the parameter in the resulting N-best chromosome set [32], which was defined
as the likelihood of the parameter selected in the N-best chromosome set,

Cai et al. Page 7

Comput Med Imaging Graph. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



where N is the number of chromosomes in the N-best chromosome set (N = 100 in our
settings), and Xk is one chromosome in the N-best chromosome set. The function
Selected(Xk|pi) is 1 if the parameter pi is selected in Xk; otherwise, it is 0. Numerically,
w(pi) ranges from 0.0 to 1.0. A high value of the occurrence frequency indicates that the
corresponding parameter is selected frequently in the N-best chromosome set, i.e., it has an
important impact on the optimal decision-making.

2.4. Study design
In order to evaluate the importance of the pneumothorax volume on the decision-making
regarding CTD, we designed four studies to compare the performances and their associated
occurrence frequency maps:

• Study I: with all 14 clinical parameters;

• Study II: with 13 clinical parameters by excluding of the volume;

• Study III: with 11 clinical parameters by excluding of the volume, linear size, and
score (because score is calculated from linear size);

• Study IV: with 11 clinical parameters (same as Study III) plus a three-scale size
(small, medium, and large) that was visually assessed by two experienced
radiologists in consensus on MDCT images.

In these studies, the linear size parameter of a pneumothorax was measured manually on the
MDCT images, which was defined as the largest distance in millimeters (mm) between the
chest wall and the mediastinal structures along a line perpendicular to the chest wall [33], as
demonstrated in Fig. 7(a). The clinical score of a pneumothorax was calculated by addition
of 20 to its linear size, if the pneumothorax extended across the pulmonary hilum; otherwise,
10 was added to the linear size [33].

In addition to the occurrence frequency map, the average performance of the 100-best
parameter combinations in each study was calculated as the mean performance of the study.

2.5. Data analysis
The statistical analysis was performed with the Stata/SE 10.0 statistical package (Stata Corp.
LP, College Station, TX). One-way analysis of variance (ANOVA) was performed for
evaluation of the performance of the 100-best parameter combinations in each study. We
performed a pairwise F-test for the four studies in order to evaluate whether the variability
between each pair of studies was statistically significant. All data analysis was performed
with a 95% confidence interval (CI). A p-value of 0.05 or less was considered to indicate
statistical significance.

3. Results
Of the 60 subjects, 33 (55%) had left pneumothoraces, 16 (27%) had right pneumothoraces,
and 11 (18%) had bilateral pneumothoraces. Thus, a total of 71 pneumothorax cases
(counted based on left or right lungs) was diagnosed, including 44 (62%) left
pneumothoraces and 27 (38%) right pneumothoraces, of which 21 (30%) were treated by
CTD. Most of the pneumothoraces were due to blunt trauma (92%). The mechanism of
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injury included motor vehicle collisions (n = 33) and falls (n = 22). The other 5 were caused
by penetrating trauma (n = 2), spontaneous pneumothorax (n = 2), and prior recent surgery
(n = 1). The data distributions of the 14 clinical parameters collected are listed in Table 1.
The histograms concerning volumes, linear sizes, and visually assessed sizes of the 71
pneumothoraces are shown in Fig. 8.

The occurrence frequency map of the 14 selected clinical parameters in Study I is shown in
Fig. 9(a). It indicates that the Volume (cc) was the dominant clinical parameter for the
decision-making concerning CTD. The occurrence frequency value of volume (1.00) was
much higher than those for any other clinical parameters. The top five parameters were:
Volume (1.00), Heart Rate (0.59), Type (0.48), Score (0.44), and Systolic Blood Pressure
(0.37).

The occurrence frequency maps for Studies II, III, and IV are shown in Fig. 9(b, c, and d),
respectively. In Study II, after exclusion of volume, linear size emerged as the dominant
parameter for decision-making regarding CTD, with an occurrence frequency value of 0.85.
After the exclusion of all size parameters (volume, linear size, and score), there were no
dominant parameters. Type, Contusion, Position, and PPV became the top four parameters.
By addition of the visually assessed three-scale size parameter, the three-scale size became
the dominant parameter, with an occurrence frequency value of 1.00.

The performance of the 100-best parameter combinations for the four studies is displayed in
Table 3 and Fig. 10. The sizes of the 100-best parameter combinations for four studies are
displayed in Table 4. The median size was 4, 5, 7, and 6 for studies I–IV, respectively. This
demonstrated that Study I achieved the best performance with the smallest number of
parameters, by inclusion of volume. Table 5 shows the p-values from the pairwise F-tests of
all studies. The performance between pairs of studies was statistically significantly different,
except for the pair of Studies II and IV, which had a p-value of 0.324. Both Study II and
Study IV outperformed Study III, indicating that size, even an inaccurate estimation, matters
in decision-making regarding CTD. The fact that the difference in the performance between
Study II and Study IV was not statistically significant indicated that the linear quantification
does not significantly outperform the three-scale visual assessment of the pneumothorax
size.

Table 6 lists the best performance with 1, 2, 3, and 4 parameters in Study I. The highest
performance with one parameter was 0.899 when volume alone was used, which was
slightly below the average performance in Study I (0.905). This indicated that volume alone
may not be sufficient for the optimal management of traumatic pneumothorax. However, the
performance with volume alone is still above the mean performance of studies II to IV,
which did not include volume in the clinical parameters.

Based upon the mean performance in the four studies, we demonstrated that the application
of volume (Study I) provided the best performance that was statistically significant
compared to the other three studies in which volume was excluded from the clinical
parameters. In addition, the size of the 100-best parameter combinations, shown in Table 4,
indicated the dominance of the volume of pneumothoraces in decision-making about CTD.
Study I had the largest number of the parameter set (n = 14), whereas it had the smallest
number of parameters in decision-making (n = 4.39, 4.39/14 = 31%). In contrast, Study III
had the smallest number of the parameter set (n = 11), whereas the median size of the best
parameter combinations was the largest (n = 6.66, 6.66/11 = 61%). The performance of three
size parameters alone in the decision-making regarding CTD was compared by the ROC
curves and the Az values in Fig. 11. It showed that both volumetric and linear quantification
had a better performance than visual assessment, with p-values of 0.0342 (volume vs.
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visually assessed three-scale size) and 0.1313 (linear size vs. visual-assessed three-scale
size), respectively.

GA provides an efficient way of selecting the parameter combinations with the best
performance. An exhaustive method is possible when the number of parameters is not very
large. In Study I, the number of possible combinations of 14 clinical parameters was 214, or
16,384. We finished a test by calculating the performance of all 16,384 parameter
combinations. Two occurrence frequency maps, one calculated by the GA, whereas the other
calculated by the exhaustive method, were identical when the top 100 best parameter
combinations were used. Fig. 12 demonstrates the efficiency of GA’s selection of the 100-
best parameter combinations. At iteration 90, when less than 9% of the whole combination
set was examined, 50% of the 100-best parameter combinations were detected. At iteration
353, GA reached 95% coverage of the 100-best parameter combinations. Considering the
fact that we might include more clinical parameters in our future studies, GA is an efficient
way for the selection of the best parameter combinations.

4. Discussion
There is much variability in how clinicians make a decision to place a chest tube in patients
who are otherwise clinically stable. The 14 clinical parameters collected were meant to
include as many factors as possible in the decision-making tree for chest tube placement in
stable patients. These were determined after multiple discussions with experts in the field.
There are times when clinicians make a decision to place a chest tube on the basis of little
information. For example, a blunt trauma patient who is hypotensive for unclear reasons
may have a “prophylactic” chest tube placed. In order to eliminate more subjective measures
from the cohort of patients, we elected to focus on relatively stable patients who underwent
CT scan prior to chest tube placement.

For the optimal management of traumatic pneumothoraces, some studies suggested that it is
safe to manage patients with small occult pneumothoraces without CTD [34], whereas some
believed that small overt pneumothoraces can be managed likewise without CTD [35]. Some
found that not only small, but also moderate-sized traumatic pneumothoraces could be
managed without CTD, in the absence of other significant injuries or respiratory
compromise[15,36]. Some suggested that occult pneumothorax patients with positive
pressure ventilation (PPV) would need CTD [18], whereas some observed that all occult
traumatic pneumothoraces could be managed safely without CTD [37]. Although it is
commonly believed that the size of a pneumothorax is one of the important factors for
initiating treatment of pneumothorax, no volumetric quantification of pneumothoraces was
ever performed in the aforementioned studies. Size was generally estimated based upon the
linear size or upon visual assessment of a pneumothorax on axial CT images or on CXR.

These aforementioned studies [15,18,34-37] may reflect one view in the management of
pneumothoraces. Studies II and IV indicated that linear quantification or visual-size
classification plays the dominant role in decision-making about CTD in the absence of
volume, which may reflect the observation in the previous studies that a small
pneumothorax may be managed without CTD regardless whether its type is occult [34] or
overt [35]. Study III indicated that type is one of the major factors when no quantification
information is available; this may agree with the observations in refs. [18] and [37]. The
observations in refs. [15,36] considered the influence of clinical parameters of RibFx,
Systolic BP, HR, and Hct (cf. Table 1) as integrative indictors of patient stability for
management of small and medium pneumothorax, as indicated in Study IV.
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Clinical parameters may be correlated – for example, linear size and volume. The correlation
among parameters may cause them to suppress each other in the selection of the best
parameter combinations. For example, the occurrence frequency value of linear size was
ranked at the 7th position in Study I, whereas we observed that linear size emerged as the
dominant parameter after the excluding of volume from the parameter set (Study II). This
indicated that volume and linear size may be correlated, but that the former has more impact
on decision-making than does the linear size, and thus it suppresses the importance of linear
size in the occurrence frequency map.

The occurrence frequency of a parameter is not an absolute value; rather, it is a relative
value for the importance of a parameter within a parameter set in the decision-making. In
Study III, because of the lack of dominant parameters, parameters were selected more
randomly, and each parameter thus had a similar impact on a decision. Therefore, their
occurrence frequencies were higher than those in other studies in which size information
was included. For example, the type of pneumothorax had an occurrence frequency value of
0.90 in Study III, whereas it had a value of 0.48, 0.46, and 0.23 in Studies I, II and IV,
respectively. This indicates that, when size information was missing, we had to rely on other
parameters for decision-making. However, Fig. 10 clearly showed that the performance was
significantly lower when size information was missing from the decision-making.

We acknowledge that there were three major limitations in our study. The first limitation
was the retrospective nature of the study. The primary decision as to whether to manage a
patient with CTD may vary from one surgeon to another according to his/her evaluation of
the patient’s status. It is difficult to assess the original decisions about CTD. We employed
two trauma surgeons to review the decisions about CTD retrospectively, and we established
the ground truth in their consensus to minimize the uncertainty regarding the decision-
making. We understand that a prospective study might be ideal for this purpose; however, it
is very difficult in practice to obtain informed consent from traumatized patients. This
retrospective manner limited our study. We emphasize that, although our computer
simulation is not an ideal replica of the decision-making of trauma surgeons, it provides a
good approximation to the process of decision-making.

Another limitation was that our study population was limited to relatively stable chest
trauma patients for whom we had MDCT scanning before CTD. The requirement of MDCT
prior to CTD excluded the clinically unstable patients who had CTD before CT imaging
(severe patients), and asymptomatic patients with small pneumothorax who did not undergo
CT imaging (mild patients) from our study. Clinical guidelines recommend immediate
treatment of CTD for clinically unstable pneumothorax patients and thus before CT imaging.
In addition, because of the MDCT, a large portion of the pneumothoraces in our study was
occult pneumothorax (73%). This limitation might introduce potential bias to the conclusion.
However, it is a clinical consensus that severe pneumothorax patients need immediate
treatment, whereas it is safe to manage mild pneumothorax patients without CTD. The lack
of consensus is the optimal management for moderate pneumothorax patients who are
otherwise clinically stable. The results of our study is limited to this patient cohort.

The third limitation of the study was that the 11 patients with bilateral pneumothoraces were
evaluated individually as having 22 separate pneumothoraces, which may cause statistical
bias. We understand that a patient with bilateral pneumothoraces is likely to have drainage
even though the total volume of the pneumothoraces is similar to that of unilateral
pneumothoraces. Because the drainage is applied to each lung separately, a bilateral
pneumothorax patient may be drained on one side of the lung and the other side of the lung
remains untreated. This will cause the decision-making regarding CTD to involve two
quantification data: the size of the pneumothoraces in both lungs as well as the size of the
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pneumothoraces in each lung. To simplify the context of the computer simulation of the
decision-making, we considered the decision of drainage to each side of the lung separately
in the case of bilateral pneumothorax. In addition, the bias caused was minimized so that
both trauma surgeons who reviewed all cases and established the ground truth were
informed to treat the bilateral pneumothoraces cases as unilateral pneumothoraces in making
their decisions.

In conclusion, our study demonstrated that MDCT quantification of pneumothoraces has a
more important impact on the decision-making regarding CTD than do other clinical
parameters in the management of traumatic pneumothorax for patients who are clinically
stable. The application of accurate volumes of pneumothoraces has the potential tangibly to
improve the performance of the decision-making regarding CTD. We understand that the
establishment of a volume-based clinical guideline for pneumothorax management is a
difficult task and requires the involvement and consensus of the whole community, which is
far beyond the scope of this study. Nevertheless, this study provides the scientific evidence
for the application of volumetric quantification in the management of traumatic
pneumothoraces in clinical practice.
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Fig. 1.
Diagram of the computer-aided volumetry (CAV) scheme for automated volumetric
quantification of pneumothoraces.
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Fig. 2.
Illustration of pleural region geometric modeling (PR-GM) method for extraction of the
pleural region by modeling the pleural surface in CT images. (a) An axial slab structure. (b)
A closest bone projection (CBP) image: the contour of pleural surface is estimated using the
rib locations on the CBP image. (c) Traditional region growing method (e.g. threshold of
−600 HU) tends to introduce leakages, such as caused by the subcutaneous emphysema. (d)
PR-GM method can effectively exclude subcutaneous emphysema.
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Fig. 3.
The detection and segmentation of pneumothoraces. (a) One axial slice of chest CT scan. (b)
The homogeneous air regions were detected as the pneumothorax candidates. (c)
Pneumothorax candidates were segmented by dynamic-threshold level-set method. (d)
Contours of the segmented pneumothoraces.
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Fig. 4.
Illustration of the 3D segmentation process of a pneumothorax in the right lung in Fig. 3.
Upper row is 2D snapshots and lower row is 3D snapshots taken during the evolution of DT
level set. (a) Initialization by detected seed region, (b)–(e) are results after 10, 20, 50, and
200 loops of evolution, respectively. The resulting threshold was −875 HU.
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Fig. 5.
Volumetry and visualization of pneumothoraces (a) 3D-rendering images of segmented
pleural regions and volumetry of pneumothoraces. (b) 3D-rendering images of MDCT data
with the segmented pneumothoraces. (c) The segmented pneumothoraces were rendered
with segmented pleural regions by the X-ray model.
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Fig. 6.
Illustration of the application of a genetic algorithm (GA) and a support vector machine
(SVM) to the selection of the optimal parameter combination.
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Fig. 7.
Illustration of the two quantification methods for pneumothorax on a 31-year-old/male chest
trauma patient. (a) The linear size of the pneumothorax was measured manually as the
largest distance (29 mm) between the chest wall and the mediastinal structure along a line
perpendicular to the chest wall. (b) The volumetric size of the pneumothorax was measured
as the volume (123.74 cc) by our automated computer-aided volumetry (CAV) scheme for
pneumothorax. (refer to the red color). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)
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Fig. 8.
Distributions of volume, linear size, and visually assessed size of the 71 pneumothoraces in
the study. (a) Histogram of the volumes of the pneumothoraces. (b) Histogram of the linear
size of the pneumothoraces. (c) Histogram of the visually assessed size of the
pneumothoraces.
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Fig. 9.
Occurrence frequency maps of clinical parameters that were generated by 100-best
parameter combinations, or chromosomes, selected by GA. An occurrence frequency value
of 1.0 for a parameter indicates that the parameter was always selected for the classifier,
whereas 0.0 indicates that the parameter was never selected. (a) Study I: all 14 parameters.
(b) Study II: 13 parameters, without volume. (c) Study III: 11 parameters, without size
information (i.e. without size, score, and volume). (d) Study IV: 11 parameters plus three-
scale size (small, medium, large).
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Fig. 10.
Performance of the four studies. The high/low lines indicate the maxima and minima of the
Az values. The box indicates the range of Az in 95% CI, in which the dot is the mean value.
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Fig. 11.
Comparisons among three receiver operating characteristic (ROC) curves of volume, linear
size, and visually assessed three-scale size in predicating the need for CTD. The areas under
the ROC curve (Az) were 0.899 (volume), 0.857 (linear size), and 0.785 (visually assessed
three-scale size), respectively.
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Fig. 12.
The efficiency of the GA’s selection of the top 100 best parameter combinations in Study I.
The total number of possible parameter combination is 214, which is 16,384. The population
at each iteration (generation) is 16. At iteration 90, when the GA had examined less than 9%
of the whole combinations, 50% of the top 100 best parameter combinations were detected.
At iteration 353, GA reaches 95% coverage of the top 100 best parameter combinations.
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Table 2

SVM and GA parameters used for searching the optimal parameter combination.

Name of parameter Values of parameter

GA algorithm

Number in population 16

Number of iterations 1000

Mating Roulette-wheel selection

Cross-over type 2 points

Mutation probability 10%

SVM classifier

SVM type C_SVM

Kernel type RBF (radial basis function)

γ (gamma) 0.15

Cost 20
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Table 4

Statistical size of the 100-best parameter combinations in the four studies.

Mean Std. Dev. Median

Study I: 14 parameters 4.39 1.30 4

Study II: 13 parameters 4.71 1.73 5

Study III: 11 parameters 6.66 1.54 7

Study IV: 12 parameters 5.78 1.29 6
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Table 5

The p-value for the F-test of pairwise comparison of the four studies.

Study I Study II Study III Study IV

Study I N/A <.001 <.001 <.001

Study II N/A N/A <.001 .324

Study III N/A N/A N/A <.001

Study IV N/A N/A N/A N/A
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Table 6

The best performance (Az value) with 1, 2, 3, and 4 parameters in Study I.

Rank Performance Parameter combination

1 0.931 Volume, Score, Hematocrit

2 0.928 Volume, HR, Systolic BP, Hematocrit

18 0.912 Volume, Hematocrit

78 0.899 Volume
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