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INTERVENTIONAL PULMONOLOGY

A Comparison With CT Scanning
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Background: Although thoracic ultrasonography accurately determines the size and extent of
occult pneumothoraces (PTXs) in spontaneously breathing patients, there is uncertainty about
patients receiving positive pressure ventilation. We compared the lung point (ie, the area where
the collapsed lung still adheres to the inside of the chest wall) using the two modalities ultrasonog-
raphy and CT scanning to determine whether ultrasonography can be used reliably to assess PTX
progression in a positive-pressure-ventilated porcine model.

Methods: Air was introduced in incremental steps into five hemithoraces in three intubated porcine
models. The lung point was identified on ultrasound imaging and referenced against the lateral
limit of the intrapleural air space identified on the CT scans. The distance from the sternum to the
lung point (S-LP) was measured on the CT scans and correlated to the insufflated air volume.
Results: The mean total difference between the 131 ultrasound and CT scan lung points was
6.8 mm (SD, 7.1 mm; range, 0.0-29.3 mm). A mixed-model regression analysis showed a linear
relationship between the S-LP distances and the PTX volume (P <.001).

Conclusions: In an experimental porcine model, we found a linear relation between the PTX size
and the lateral position of the lung point. The accuracy of thoracic ultrasonography for identi-
fying the lung point (and, thus, the PTX extent) was comparable to that of CT imaging. These
clinically relevant results suggest that ultrasonography may be safe and accurate in monitoring

PTX progression during positive pressure ventilation.

Abbreviations: CXR = chest radiograph; PTX = pneumothorax; S-LP = sternum-lung point

CHEST 2013; 143(2):415-422

Physical examination, including lung auscultation,
is insufficient for diagnosing a pneumothorax (PTX)
in blunt trauma victims."? The most common adjunct
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used to evaluate a PTX is the plain chest radiograph
(CXR) but this modality has a low sensitivity for
detecting intrapleural air in patients with trauma,
who are typically confined in the supine position for
spinal immobilization.?# As a consequence, more than
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one-half of all traumatic PTXs are found only by a
CT chest scan,’ which is the gold standard diagnostic
test for a PTX.*6 Clinically silent and radiographically
undetected PTXs that are subsequently identified
on CT scans are defined as occult PTXs.™ Once an
occult PTX is identified, it must be decided whether
to undertake tube thoracostomy or to simply observe
the patient.! Inserting a chest tube, which many believe
is the only safe and appropriate PTX treatment,” is
associated with a 22% risk of major complications.!
Observation without chest drainage, considered suffi-
cient in spontaneously breathing patients,'? carries a
risk of PTX progression during positive pressure ven-
tilation. Occult PTXs can evolve into tension PTXs,” at
which point diagnostic and treatment delays are highly
lethal.’s Thus, a reliable, easy, and repeatable method
for monitoring PTXs is needed. Ultrasonography meets
all these requirements and can be performed in almost
any clinical setting.™* The first international evidence-
based set of recommendations for lung ultrasonography,
published in March 2012, contains no expert consen-
sus on how ultrasonography compares with CT scan-
ning for assessing PTX extensions. Further research
is necessary.’» We aimed to determine the accuracy of
ultrasound imaging for delineating PTX extensions
and to compare ultrasonography and CT scan assess-
ment of PTX progression during positive pressure
ventilation in mechanically ventilated pigs.

MATERIALS AND METHODS

This was a laboratory study of a PTX in a porcine model. Qual-
ified and experienced animal caretaker personnel monitored the
health of the animals during the study period. The experiments
complied with the guidelines for animal experimental studies
issued by the Danish Inspectorate for Animal Experimentation
under the Danish Ministry of Justice, which also approved the
study. The study adhered to the principles in the Guide for the
Care and Use of Laboratory Animals .6

Animal Model

Three female Danish Landrace pigs (mean = SD body weight =
56.0 2.0 kg) were used (supplied from a local farm owned by
Aarhus University). The animals were anesthetized with a com-
bination of fentanyl, ketamine, and propofol; intubated; and posi-
tive pressure ventilated using a transport respirator (Oxylog 3000;
Driiger) set to a tidal volume of 750 mL, a respiratory rate of
15 breaths/min, a positive end-expiratory pressure of 2 to
4 em H,0, and an F10, of 30%. The end-tidal CO, level was kept
within the normal range (4.0-6.5 kPa). All the animals were mon-
itored by ECG, and their core temperatures, invasive arterial BPs,
oxygen saturations, and end-tidal CO, levels were trended. In the
radiology department, the animals were fixed in the supine posi-
tion on a CT scan table. A three-way stopcock catheter (BD Con-
necta; Becton, Dickinson and Company) was inserted into the
pleural space through a small thoracotomy at the intersection of
the fifth to the seventh intercostal space and the anterior axillary
line (Fig 1). The catheter was then anchored to the surrounding
muscle and fascia. Bilateral (n = 2) and unilateral (n =1) PTXs
were induced by incrementally injecting and withdrawing air
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FIGURE 1. Chest of a porcine model with intrapleural catheter
and needles.

from the pleural cavity using a 50-mL syringe (Omnifix, 50 mL;
B. Braun Medical Inc) connected to the catheter. At the conclusion
of the data collection, the animals were killed with an injection of
pentobarbital.

Diagnostic Tests

Diagnostic ultrasound and CT scan thoracic evaluations were
performed at 10 different PTX volumes. The PTX volumes were:
50, 100, 150, 200, 300, 400, 500, 600, 500, and 200 mL.

Ultrasonography: The ultrasound scans were performed by
two experienced anesthesiologists using a Vivid Q ultrasound
machine (General Electric Company) with a 12L-RS multifre-
quency 6-13 MHz linear array transducer (General Electric
Company). To map the PTX topography, the pleural line between
two ribs close to the sternum was identified. The probe was
rotated to align with the intercostal space and was then gradually
moved toward the lateral-inferior area of the chest. This maneuver
was conducted to locate the point on the chest adjacent to the
collapsed lung on the interior chest wall, which was defined as
the “lung point.”'” The lung point corresponds to the lateral edge
of the PTX.1$ Subcutaneous needles that were easily visualized
on the subsequent CT scan were placed during inspiration to des-
ignate the cutaneous projection of the lung points and the lateral
limit of the intrapleural air collection. The number of needles
used varied from two (for smaller PTXs) to four (for larger PTXs).
The diagnostic algorithm for ultrasound identification of the lung
point is illustrated in Figures 1 to 3.

CT Imaging: To define the extension of the intrapleural air
collection, a non-contrast-enhanced CT scan was performed using
a multislice CT scanner (Philips MX 8000 quad, Koninklijke
Philips Electronics N.V.) with the following parameters: 120 kV,
120 to 150 mA, standard filter, 6.5-mm slice thickness, 3.2-mm
slice increments, and a 310- to 360-mm field of view. A complete
thoracic CT scan was obtained from the apex to the base during
a short inspiratory hold period. The Digital Imaging and Commu-
nications in Medicine format pictures were stored and transferred
to an archiving workstation. To optimize intrapleural air detec-
tion, the window width was adjusted to 1,500 Hounsfield units
and the window level to —500 Hounsfield units.

Data Analysis

The accuracy of the ultrasound imaging for delineating the
PTX extension was determined by measuring the distance from
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Sonographic signs of pneumothorax (PTX)

Longitudinal scan:

Rule out PTx Anterior chest with probe-marker Rule in PTx

directed towards the head

Bat sign:
Two adjacent ribs casting shadows, and
the pleural line between (white arrow)

Intercostal scan:
The probe is rotated 90° to align in the
intercostal space

Lung sliding between the pleural layers No lung sliding between the pleural
(white arrow) layers
(white arrow)
andior
—— and

B-lines (reverberation artefacts; white X)
No B-lines (reverberation artefacts)

M-mode scan:
Time-motion mode is used to differentiate
normal lung sliding from motionless
pleura

Seashore sign: Stratosphere sign:

Two different patterns divided by the A single pattern of horizontal lines.
pleural line (white arrow). Horizontal
lines over and granular sand under.

Lung point to 100 % confirm PTX:
Interchanging seashore and stratosphere
patterns corresponds to the ‘lung

point® (white arrow) This is the area
where the collapsed lung still adheres to
the inside of the chest wall.

—

FIGURE 2. Flowchart suggesting the correct sequence for ultrasound identification of the
lung point. The lung point is localized at the interface between two distinct sonographic
patterns that are synchronous with respiration: one with no lung sliding (the “stratosphere
sign” in M-mode) and the other with normal lung sliding (the “seashore sign” in M-mode)
illustrated in the lower right corner. Demonstration of normal lung sliding is only possible
on video clips.
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Expiration

FIGURE 3. Lung points were located at the chest adjacent to the collapsed lung on the interior chest wall
and aligned in the center of the ultrasound probe during inspiration. Needles were inserted to mark its
cutaneous projection on the chest wall. (Illustrations: Kari M. Toverud [certified medical illustrator].)

the cutaneous needle tip to the lateral limit of the intrapleural air
layer on the CT scan (Fig 4A). The difference in the lung point
designations (A LP ultrasound-CT scan) was measured at three
areas on the chest (the anterior chest between costae 1 and 5, the
lateral chest between costae 5 and 8, and the posterior chest
between costae 8 and 12), and the measurements were expressed
as absolute and mean values (millimeters) with SDs and ranges.
To reduce possible sources of bias, two readers performed all the
measurements in random order, and the degree of agreement
between their separate readings was analyzed using a Bland-
Altman plot. A straight line from the central part of the sternum
to the lung point (the S-LP distance) at two preset chest levels on
the CT scans (the high level between costae 2 and 3 and the
medium level between costae 5 and 6) was drawn to evaluate the

A

relation between lung point location and PTX size (Fig 4B). A
mixed linear model regression was used to analyze the effects of
PTX volume, increasing/decreasing PTX size, thoracic laterality, and
chest levels on the S-LP distance. The interdependencies between
the measurements in the porcine model were modeled by a com-
pound (or autoregressive) correlation structure.! All the statis-
tical calculations were performed using SPSS 18.0 (IBM).

RESULTS

A total of 131 lung points were identified. The
overall mean difference between the two modalities

B

FIGURE 4. A, Difference in lung point localization was determined by comparing the ultrasound-placed needles with the extension of the
PTX on the CT scans. B, The sternum-lung point (S-LP) distance. The lung is increasingly separated from the chest wall as the PTX expands,
leading to lateralization of the lung point and increased S-LP distance. See Figure 2 legend for expansion of other abbreviations.
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ultrasonography and CT imaging was 6.8 = 7.1 mm,
with colocation in the anterior, lateral, and posterior
chest regions of 6.8 = 8.6 mm, 6.4 = 6.1 mm, and
7.3 % 6.4 mm, respectively. The mean variance between
the ultrasound and CT scan measurements of the
lateral PTX limits was 0.0 to 29.3 mm (Table 1). Fur-
thermore, there was a high level of agreement in the
lung point measurements between readers one and
two, as illustrated in the Bland-Altman plot (Fig 5).
The 95% limits of agreement interval was —12.0
to 13.9.20

The mixed-model regression analysis revealed a
linear relationship between the S-LP distance and
the PTX volume (P <.001). The strength of the rela-
tion between the S-LP distance and the PTX volume
differed between the left and right lungs (P =.001),
but this divergence decreased at larger PTX volumes
(Fig 6). When the PTX volume increased by 100 mL,
the mean S-LP distance increased by 4 mm (P <.001)
in the right lung and by 11 mm in the left (P <.001)
(95% ClIs, 0.01-0.07 and 0.08-0.13,2 respectively).
The effect of PTX volume on the S-LP distance did
not vary with the chest level (P = .746), illustrated in
Figure 6 by the parallel curves between the high and
medium levels on both the right and left sides. With
increasing PTX volumes, the lung point moved later-
ally and then medially with the subsequent with-
drawal of air. Insufflation and deflation had the same
absolute effect on the change in the S-LP distance
(P =.904). The results of the mixed linear model
analysis are summarized in Table 2.

Di1scussioN

Our study demonstrates that there is a linear rela-
tionship between PTX volume and the lateral position
of the lung point during mechanical ventilation, and
that ultrasound imaging is as accurate as CT imaging
for localizing lung points. These findings are clinically
relevant and may enable physicians to use ultraso-
nography to accurately follow the progression of PTXs
during positive pressure ventilation.

Table 1—Difference in Lung Point Localization
Between the Two Diagnostic Modalities
Ultrasonography and CT Scanning

Measurements Reader No. Mean, mm SD, mm Range, mm

Total 1 131 6.8 7.1 0.0-29.3
1I 131 8.1 7.5 0.0-29.4
Anterior chest 1 44 6.8 8.6 0.0-29.3
11 38 7.1 7.8 0.0-27.2
Lateral chest 1 44 6.4 6.1 0.0-20.3
11 45 8.6 8.2 0.0-28.5
Posterior chest 1 43 7.3 6.4 0.0-24.3
11 48 8.4 6.6 0.0-29.4

journal.publications.chestnet.org

Although it may seem reasonable to consider the
size of the PTX when making procedural decisions,
a newly published large prospective observational
study found PTX size not to be an independent pre-
dictor of observation failure (defined as the subsequent
need for a chest drain) in patients with blunt trauma.
The most striking findings were that the patients
whose occult PTXs expanded were > 70 times more
likely to require chest tube drainage and that mechan-
ical ventilation tripled this risk.2! This study used
CXR imaging to assess the PTX progression, despite
its being a poor method for detecting PTXs and one
that underestimates the size.!222 Two CT scan-based
PTX classification systems, a linear size (thickness)-
based algorithm?2* and computer-aided volumetric
measurements,? have been suggested as potential
guides for making treatment decisions, but no con-
sensus on the clinical usefulness of these PTX scoring
systems has been established.?!

The conceptual basis for using bedside thoracic
ultrasound imaging in patients with occult PTX is that
any PTX size progression should be detected early
and treated promptly, without the need for patient
transport or radiation exposure.??” There is little con-
sensus on using lung point localization to grade PTX
progression'® because the results in favor'®?” or opposed
to using ultrasound imaging for this purpose'*2s are
mixed. Blaivas et al'* argued that it is difficult to dif-
ferentiate between medium- and large-sized PTXs,
as evidenced by the weak correlation between increas-
ing PTX volumes and the lateral position of the lung
point on CT scans. They offered no statistical analysis
or references to support this statement, only comment-
ing on three CT images in the article. Soldati et al's
found a mean difference of 19 mm between ultra-
sound and CT scan lung points and they concluded
that lung ultrasonography can be used to charac-
terize PTX size and extension with an accuracy that
approaches the reference standard. They excluded
patients with occult PTX who needed mechanical
ventilation because these patients often have more
extensive and clinically significant PTXs. These assump-
tions may be invalid, because the occult PTX size and
severity distributions in positive-pressure-ventilated
patients are similar to nonintubated patients,> and
because clinically significant PTXs are equally frequent
in both these patient groups.!

The remaining questions are whether an identifiable
cohort of patients who are mechanically ventilated
with occult PTX can be safely observed without under-
going tube thoracostomy,? and how these patients
should be monitored. The first question remains contro-
versial, pending completion of prospective randomized
trials, whereas the second is addressed in this experi-
mental study. Our results (a mean difference between
the ultrasound and CT scan locations of only 6.8 mm)
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FIGURE 5. Bland-Altman plot of the paired measurements from the two readers. The high degree of
agreement is indicated by a difference in measurements (the y-axis) that remains close to zero over the
full measurement range (the x-axis). LP = lung point; us = ultrasound.

demonstrate that ultrasonography is comparable to
CT imaging for localizing the lung point during posi-
tive pressure ventilation in a porcine model. The linear
response of the S-LP distance to the PTX volume
implies that the lung point moves in a progressive
arc from the anterior to the lateral and to the posterior
aspect of the chest wall as the PTXs expand. This pro-
gression was assessed at two different chest levels and
was independent of whether the PTX was increasing
or decreasing in size (Fig 6, Table 2).

Porcine anatomy is not identical to human anatomy,
but the respiratory and cardiovascular systems are
similar; therefore, pigs are an important animal model
in biomedical research.?3! Before commencing this
study, we validated our PTX model using the refer-
ence standard CT scan and found equal distribution
of intrapleural air as in supine patients with trauma.’
This study also revealed that the PTX volume and
lung point position could easily be altered through
insufflation and deflation. We performed all our mea-
surements at the CT scan laboratory, which reduced
the risk of any PTX progression occurring between
the ultrasound and the CT scans. Soldati et al' allowed
up to 1 h to elapse between their tests, whereas
all our measurements were performed during an
inspiratory hold and within minutes of each other.

420

Unfortunately, the current study design, combined
with the radiation hazard posed by serial CT scans,
precludes using this experimental approach in human
subjects.

We do recognize some limitations. First, one pig
had a small amount of pleural fluid in the basal part
of the right hemithorax that could have affected the
localization of the lung point. Second, the thoracot-
omies may have introduced small amounts of air into
the pleural cavities when the catheters were intro-
duced, thereby increasing the actual PTX volume
beyond the insufflated air volumes specified in the
study protocol. Although excessive air was withdrawn
using a 10-mL syringe before starting the air injec-
tions, it is possible that some air remained in the
pleural cavity. This residual air may explain the differ-
ences in the mean S-LP distances of the right and
left hemithoraces with equal PTX volumes (Fig 6).
Another explanation for this finding may be the ana-
tomic asymmetry of the thorax, with the presence
of the heart in the left hemithorax affecting the air
distribution. Finally, a large PTX can eliminate the
lung point sign completely because the lung totally
collapses and loses contact with the interior wall
of the chest cavity. These patients often experience
respiratory distress due to diminished lung capacity

Original Research
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FIGURE 6. Graph illustrating the mixed linear model of the S-LP
relative to the PTX volume. See Figure 2 and 4 legends for expan-
sion of abbreviations.

and cardiovascular compromise due to tension PTXs.133
A tension PTX is diagnosed clinically and requires
immediate needle decompression without the diagnos-
tic delay associated with CXR or ultrasound imaging.!

CONCLUSIONS

We have demonstrated that lung point movement
is an indicator of PTX progression during positive
pressure ventilation that can be evaluated as accu-
rately by ultrasonography as by CT scanning. This

Table 2—Mixed Linear Model Analysis of the Sternum
to Lung Point Distance Relative to the Pneumothorax
Volume on the Thoracic Insufflation Side
and Chest Level

Coefficient F Test
\ T \
Variable Estimate 95% CI P Value
Intercept, mm 43.7 16.0to 71.3 .010
Sider
R 54.0 39.5 to 68.5 <.001
L 0.0 Reference
Level®
High —20.6 —27.7to —13.4 <.001
Medium 0.0 Reference .
Volume, mL 0.11 0.08 to 0.13 <.001
Thoracic side —0.067 —0.11 to —0.03 .001
(R) X volume
Thoracic side 0.000 Reference

(L) X volume
L =left; R =right.
“Right and left thoracic sides; the left is the reference.

"Chest level; high is between costae 2 and 3; medium is between
costae 5 and 6 (reference).

journal.publications.chestnet.org

finding may open up new possibilities for monitoring
PTX development at the bedside. If a decision is made
to observe patients who are mechanically ventilated
with trauma and occult PTXs, we propose using serial
thoracic ultrasound imaging to assess any PTX pro-
gression, which is known to be the strongest pre-
dictor of a patient’s need for chest tube insertion.
Further research should focus on the relationship
between the cutaneous projections of the lung point
and the optimal treatment options.
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