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Background: This retrospective study aimed to investigate the computed tomography (CT) manifestations,
short-term dynamic evolution features and quantitative lung CT analysis of inhalation lung injury induced
by smoke bomb flare.

Methods: Eleven pediatric patients (aged 11 to 13) who inhaled the smoke of smoke bombs underwent
several low-dose chest CT scans. The image characteristics and their dynamic changes were observed
and quantitative CT values were analyzed. The quantitative CT indicators included lung injury CT score
(LICTS), lung fibrosis CT score (LFCTS), mean lung density (MLD), normally aerated volume ratio (NAVR)
and reductively aerated volume ratio (RAVR). Box-plot was used to analyze the dynamic changes of each
indicator and Spearman statistical method was used to analyze the correlation between any two indicators.
Results: (I) In most cases, there were multiple consolidation and massive ground-glass opacities (GGOs)
in the two lungs, which aggravated in the early stage and then gradually dissoluted in the later stage. LICTS
was positively correlated with MLD (r=0.811, P=0.000), while it was negatively correlated with NAVR
(r=-0.712, P=0.000). There existed interstitial fibrosis in the later stage, and LFCTS was positively correlated
with RAVR (r=0.382, P=0.028). (II) In one case, the patterns were like layered cake, i.e., consolidation
with air bronchus signs in the accumulation area, GGOs in the aforementioned area and normal lung in
the top area. The patterns aggravated in the early stage and quickly dissolved in the later stage, and only
a few residual fibrotic lesions existed on the final scan. (ITI) For severe cases, pneumomediastinum and
subcutaneous emphysema aggravated in the early stage and then gradually dissolved in the later stage.
Conclusions: The chest CT manifestations of inhalation lung injury induced by smoke bombs are
predominantly GGOs and consolidation. They aggravate in the early stage and gradual dissolute in the later
stage. CT quantitative values can contribute to evaluating the extent of this disease, and NAVR and RAVR

can be used to assess pulmonary function.
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Introduction

Smoke bombs are often used in military/fire drills,
firefighter training, and on the battlefield as obscurants.
Smoke bombs can release a mixed chemical smoke
containing zinc chloride, zinc oxide, hexachloroethane and
other chemical ingredients after flaring. Smoke inhaling
can cause airway and lung injury. Pathological changes of
this inhalation lung injury include edema of interstitial and
alveolar, an increase of fibroblasts as well as an increase of
collagen in the interstitium and alveolus in the early phase,
and pulmonary fibrosis in the later phase (1,2). A number
of studies have already focused on clinical, radiographic,
and pulmonary function of smoke inhalation (3-7). Some
studies showed that the chest radiograph is an insensitive
indicator of inhalation of airway and parenchymal lung
injury (8,9). Therefore, computed tomography (CT)
was used by radiologists to diagnose the inhalation lung
injury. Compared with the chest radiograph, CT is more
reliable for the detection of pulmonary abnormalities at
an early stage, as also for the demonstration of pulmonary
complications during the follow-up (10). There was a study
to evaluate the efficacy of CT scan in assessing the severity
of inhalation lung injury with sheep, and the conclusion was
that CT scan was potentially useful in gauging the severity
of inhalation injury non-invasively (11). In recent years,
quantitative CT has been used in the evaluation of lung
fibrosis (12-15). Therefore, the authors would like to study
whether CT quantitative analysis can be used to further
evaluate the severity and longitudinal changes of inhalation
lung injury.

A rare opportunity was obtained to study the CT
findings of smoke inhalation lung injury in children in the
tragic accident of Tianshui Yifu Primary School in Gansu
province, which practiced the fire drill on September 18,
2015. Most children developed vomiting, chest distress,
shortness of breath, dyspnea, asphyxia, coma, hemoptysis,
hemafecia and other symptoms. Through observing and
studying the clinical manifestations, laboratory test results,
chest CT manifestations and short-term prognosis of
these 11 pediatric patients, it was found that the main
abnormalities were demonstrated on chest CT. At the same
time, CT quantitative analysis was employed to get more
diagnostic information, especially to evaluate interstitial
fibrosis in the later stage. The findings might help in
treating smoke bomb poisoning, improving prognosis, and
especially benefiting children in a war area and soldiers in a
war or in military drills.
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Methods

This retrospective study aimed to investigate the CT
manifestations, short-term dynamic evolution features and
quantitative lung CT analysis of inhalation lung injury
induced by smoke bomb flare. CT scores were evaluated
by two radiologists. Lung volume was obtained by CT
post-processing station. In this study, combining these two
methods to assess the extent of main abnormalities during
the course of inhalation lung injury could help make the
results more objective. In addition, lung volume indicators
were also used to evaluate the pulmonary function of this
disease.

Patients

All patients injured in this accident were healthy primary
school pupils. The 11 pediatric patients treated in Gansu
Provincial Hospital were transferred from the local hospital
in Tianshui city after receiving treatment for 3 days. Among
these 11 patients, there were seven males and four females.
"Two patients were 11 years old; seven patients were 12 years
old, and two patients were 13 years old. The condition of
the 11 patients improved, and they were discharged after
receiving treatment for 24-50 days in Gansu Provincial
Hospital.

Because delayed-onset noncardiogenic pulmonary edema
may develop 12 to 72 hours later, longer observation period
has been recommended for people with significant exposure
to low solubility agents (16-18), and the sensitivity of CT
in finding the abnormalities of inhalation lung injury is
higher than that of the chest radiograph (10). Therefore, to
observe the changes of this disease, the patients underwent
several low-dose CT scans. This decision came from multi-
disciplinary team (MDT) at that time. The examination
and treatment complied with our local ethical guidelines
approved by the Institutional Ethics Review Board of Gansu
Provincial Hospital (approval number 2015-071).

CT images acquisition and interpretation

A GE VCT scanner (General Electric Medical Systems,
USA) was used to scan all the patients. Scans were obtained
at full inspiration from the apex to the lung base with the
patients in the supine position. The following parameters
were adopted: tube voltage 100 kV, tube current 150-250 mA
(automatic), scanning range 25-30 cm, slice thickness
5 mm, and with 0.6 mm thin-section reconstructions
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Table 1 The values of each indicator in five CT scans (mean + SD)

Indicator 1 (Sep 22nd) 2 (Sep 24th) 3 (Oct 1st) 4 (Oct 8th) 5 (Oct 15th)
LICTS 20.11+1.51 20.45+1.81 14.55+5.37 7.00+2.32 1.09+1.04
LFCTS - - 2.45+1.21 9.64+2.84 6.82+2.23
MLD -640.91+40.27 -640.19+68.15 -693.45+73.40 —-720.20+35.91 —-771.64+30.00
NAVR (%) 10.42+8.56 9.47+11.17 22.57+20.81 21.13+14.23 42.10+13.83
RAVR (%) 28.90+6.27 29.30+10.56 29.05+9.10 38.44+8.26 30.78+8.58

LICTS, lung injury CT score; LFCTS, lung fibrosis CT score; MLD, mean lung density; NAVR, normally aerated volume ratio; RAVR,

reductively aerated volume ratio; CT, computed tomography.

using a standard algorithm, dose length product 105.58=
20.32 mGy-cm, and effective dose 1.79+0.35 mSv [k value
referred to the quality criteria for CT developed by the
Commission of the European Communities (19), Kyorax
=0.017 mSv/(mGy.cm). The scans were viewed with a
window level of -700 Hounsfield units (HU) and width of
1,200-1,500 HU. The predominant patterns of the early
stage on CT scan were categorized as ground-glass opacities
(GGO:s), consolidation, reticular pattern, and mixed pattern
(combination of consolidation, GGOs, and reticular
opacities). Then, it was noted that the predominant pattern
of later stage on CT scan included reticular pattern, septal
thickening, intralobular lines, parenchymal bands and
irregular lines superimposed on GGOs.

CT scores

Thin-section CT images were evaluated for the presence,
distribution, and extent to get lung injury CT score (LICTS)
and lung fibrosis CT score (LFCTS). The predominant
patterns of LICTS: (I) GGOs; (II) consolidation; (III)
mixed pattern (GGOs/consolidation, and reticular pattern).
The predominant patterns of LECTS: (I) reticular pattern;
(II) septal lines; (III) parenchymal bands; (IV) mixed pattern
(reticular pattern/septal lines/parenchymal bands, and
subpleural ground glass opacity/ irregular linear opacities).
Each lung was divided into three zones: upper (above the
carina), middle (below carina up to the inferior pulmonary
vein) and lower (below the inferior pulmonary vein). Each
zone was evaluated for percentage of lung involvement
based on the following band scores: (I) 0 score: normal;
(II) 1 score: involvement of less than 25% of the images;
(ITI) 2 score: 25% to 50%; (IV) 3 score: 50% to 75%; (4)
4 score: more than 75%. Summation of scores from all six
lung zones provided the overall CT score (maximal CT
score =24) that the above scoring method is based on and
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modified the protocol from the following study (20,21).
Two experienced radiologists (G Huang, X Zhou), both
of whom had more than 10 years of experience in thoracic
radiology, reviewed the thin-section CT images and reached
a conclusion in consensus.

Measurement of lung volume

The integrated lung quantification software of AW
4.4 workstation was used to measure the lung volume
to evaluate the pulmonary function. The pulmonary
parenchyma was divided into four regions based on the
ranges of Hounsfield unit (HU) reported by Gattinoni ez /.
(22,23): hyperinflated areas (-1,024 to -901 HU), normally
aerated areas (-900 to -801 HU), reductively aerated
areas (-800 to =701 HU), and restricted ventilation areas
(<=700 HU) were defined by the software for each of the
lungs. The software also generated the total lung volume
and mean lung density (MLD). In order to decrease the
individual bias, normally aerated volume ratio (NVAR) and
reductively aerated volume ratio (RAVR) were used, which
means normally aerated volume and reductively aerated
volume was divided by total lung volume respectively.

Statistical analysis

Box-plot and Spearman statistical methods were used
with SPSS 17.0 (SPSS, IL, USA). The detailed values and
dynamic changes were presented in Tzble 1 and Figure
14,B,C,D,E.

Results
Clinical parameters

The pediatric patients sent to Gansu Provincial Hospital
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Figure 1 Changes in LICTS (A), LFCTS (B), MLD (C), NAVR (D) and RAVR (E) from the time of the initial scan to the follow-up. LICTS,
lung injury CT score; LFCTS, lung fibrosis CT score; MLD, mean lung density; NAVR, normally aerated volume ratio; RAVR, reductively

aerated volume ratio; CT, computed tomography.
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were all classified as “severe” in the local hospital. Most of
them had vomiting (n=11), chest distress (n=11), shortness
of breath (n=11), dyspnea (n=11), asphyxia (n=3), coma (n=2),
hemoptysis (n=4) and hemafecia (n=4). All the patients were
given timely oxygen therapy, anti-inflammatory, and other
treatments in the local hospital after the accident. Only
one patient with the worst condition had increased white
blood cells [12.745x10°/L (normal range, 4x10°~10x10°/L)].
Three patients had increased neutrophils [78%, 85%, 97%
(normal range, 50-70%)]. Other blood test indicators were
within normal range. Since all the children were admitted
to the intensive care unit, no pulmonary function test was
conducted, as it is not advisable to conduct such tests during
the acute phase. Serial CT scans were obtained at the
time of hospitalization in Gansu Provincial Hospital. The
indications for serial scans included clinical deterioration
(n=11) and necessity of a change in treatment, whether
it involved increased dosage of antibiotics (n=9) or anti-
fibrotic therapy (n=11). In some patients, the first CT scans
were also obtained to confirm the injury when radiographs
obtained at presentation was normal or slightly abnormal
(n=2). The condition in all patients deteriorated within 3
days after the first CT scans were obtained, and the second
CT scans were thus obtained. From the second to the fifth
scan, each scan was conducted with a seven-day interval so
as to keep track of the progress of the patients' conditions.
Five patients developed pneumomediastinum, with three
of them also developing pneumothorax, two of them also
developing subcutaneous pneumatosis during the 1st and
2" week of evaluation. Over the course of treatment in
these pediatric patients, all patients experienced aggravated
dyspnea during the 1st week after the accident, which then
gradually eased in the second week. However, shortness of
breath again appeared in the patients in the 3rd week, and
then the symptom gradually alleviated after anti-fibrotic
therapies. In addition, the patient with the most severe
condition was treated with endotracheal intubation and
pneumothorax drain.

CT manifestations and the dynamic evolution features

Table 1 shows the values of each indicator in five CT scans
(mean £ SD). There was a significant aggravation in the
extent of this injury from the 4th day to the 7th day after
the accident, and the median of LICTS of these two CT
scans (22nd and 24th, Sep) were 20 (range, 18-24) and 21
(range, 18-24) respectively. After that, the extent decreased
slowly to a median of LICTS of 14 (range, 7-22) from
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the 3rd CT images (Ist, Oct) and 6 (range, 4-10) from
the 4th CT images (8th, Oct), and 1 (range, 0-3) from the
last CT images (15th, Oct), and this decrease reflected the
effectiveness of anti-inflammatory therapy. The predominant
patterns of abnormality changed over time. According
to the Ist CT images, the main abnormalities included
GGOs (10 out of 11 pediatric patients) and consolidation
(8 out of 11 pediatric patients) (Figure 2A), then the scope
of the abnormality expanded (Figure 2B). GGOs with
consolidation were most commonly found from the 2nd CT
images. According to the 3rd CT images, a combination
of reticular pattern and parenchymal bands was noted in
association with GGOs (Figure 2C). According to the 4th
CT images, irregular linear opacities and/or interlobular
septal thickening were noted in association with subpleural
GGOs (10 out of 11 pediatric patients) (Figure 2D). Lung
interstitial changes were found in these pediatric patients
with the aid of the CT images on the 14th day (Ist, Oct)
after the accident and subsequently developed interstitial
fibrosis and reached the highest proportions on the 21st day
(8th, Oct), and these lesions were mostly distributed under
the dorsal pleura (Figure 2E,F,G). The final CT scan was
obtained on the 28th day (15th, Oct). It was noted that lung
fibrosis significantly improved (Figure 2H). The median of
LFCTS of these three CT scans (1st, 8th and 15th, Oct)
were 3 (range, 0-4), 9 (range, 6-14) and 6 (range, 3-12)
respectively. In one patient, the initial scan showed patterns
like layered cake, consolidation with air bronchus signs in
the accumulation area, GGOs in the aforementioned area,
and normal lung in the top area. Conditions aggravated in
the early stage, and there was quick dissolution in the later
stage. Consolidation and GGOs resolved completely, and
only a few residual fibrotic lesions were noted on the final
scan (Figure 34,B). Pneumomediastinum, subcutaneous
emphysema, or pneumothorax were found in five patients
on the 4th day after the accident (Figure 44,B), which
aggravated in the early stage and disappeared in the later
stage.

Correlation analysis between lung volume and CT scores

Figure 1 shows the five quantitative indicators of five CT
scans. From Figure 1A, the statistical value of the LICTS
of each scan and the changes of the LICTS among the
five scans can be seen. Similarly, Figure 1B,C,D,E show
the statistical values of LFCTS, MLD, NVAR and RAVR
respectively.

The correlations between MLD, NAVR or RAVR and

7 Thorac Dis 2018;10(10):5860-5869
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Figure 2 Five CT scans were obtained 4 days (A), 7 days (B), 14 days (C), 21 days (D,E,E,G) and 28 days (H) after smoke inhalation in a
patient (female, 12 years old) showing GGOs (black long arrowhead) and consolidation (black short arrowhead) aggravated in the early stage

and resolved in the later stage from the same coronal level (A-D,H), and then some parenchymal bands (curved arrowhead), irregular linear

opacities and interlobular septal thickening with subpleural ground-glass opacities (circle) were left behind under the dorsal pleura. CT,

computed tomography.

Figure 3 The 2nd CT scan (A) in a patient (female, 12 years old) shows the patterns are like layered cake, and the last CT scan (B) shows

consolidation and GGOs resolved completely and there are only a few residual fibrotic lesions. CT, computed tomography; GGO, ground-

glass opacity.

LICTS or LFCTS were analyzed by Spearman statistical
method. The results of statistical differences are as follows:
LICTS positively correlates with MLD (r=0.811, P=0.000),
but negatively correlates with NVAR (r=-0.712, P=0.000);
LFCTS positively correlates with RAVR (r=0.382, P=0.028)
in the latter three CT scans.

Discussion

The serial scans obtained in Gansu Provincial Hospital
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provided an opportunity to study the longitudinal changes
in inhalation lung injury induced by smoke bombs in the
acute and convalescent periods. These children with the
similar age inhaled the smoke at the same time and suffered
nearly the same duration of exposure. Moreover, they were
all classified as “severe” in the local hospital. Therefore,
their conditions were basically similar when they were
admitted to Gansu Provincial hospital. Several scans were
made to help with treatment, which were the same in
timing and interval of follow-up. The scans depicted the

7 Thorac Dis 2018;10(10):5860-5869
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Figure 4 The 2nd CT scan in a patent (male, 13 years old) shows pneumomediastinum, subcutaneous emphysema, pneumothorax (white

arrowhead) (A,B), and reticular patterns (oval) with excessive GGOs (B). CT, computed tomography; GGO, ground-glass opacity.

lung abnormalities at specific time points after the accident.
To our knowledge, clinical, radiographic, and pathological
findings, as well as treatment in patients who were exposed
to smoke bombs, had been studied previously (1,2,24-27).
However, to date, this is the first report of a longitudinal
CT series in a relatively large group of pediatric patients
with inhalation lung injury induced by smoke bombs.
Lung injury was found on thin-section CT scans on the
first day of admission. The extent of these injuries in these
pediatric patients aggravated severely during the 1st week
after the accident, and it was followed by a slow decline
during the 2nd week. Lung fibrosis could be detected in the
subpleural in the 3rd week, then it became more diffused
in the 4th week, and it gradually dissolved after treatment.
However, there was residual fibrosis in the last CT images.
Improvement of interstitial fibrosis and reduction of
LFCTS were attributed to the timely anti-fibrosis treatment
of methylprednisolone from MDT after MDT observed
the interstitial changes from the third CT images. The
predominant abnormalities of lung CT images and dynamic
changes were in concordance with the former report about
lung injury induced by smoke bombs (26), though the
subjects of the report were young soldiers. In this study,
these findings can be shown not only by the evaluation of
lung injury and fibrosis CT scores, but also by the objective
measurement of various lung volumes and MLD with CT
post-processing software. Both methods combined to find
the features and assess the extent of inhalation lung injury
and subsequent fibrosis can be very helpful in the treatment
and prognosis of this disease.

In this study, GGOs and consolidation were the
predominant abnormalities of the lung inhalation injury
induced by smoke bombs. Image findings were based on
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histological characteristics, which included pulmonary
edema, alveolitis, interstitial fibrosis, intra-alveolar fibrosis
and diffuse alveolar damage (1,28,29). The number of
pediatric patients with GGOs was highest in the 1st week
(10 out of 11 pediatric patients), which decreased in the
following one week and had a moderate upsurge trend in
the 3rd week. The upsurge trend was due to the appearance
of subpleural ground glass opacity and irregular linear
opacities. Another predominant pattern of consolidation
was common in the Ist week (8 out of 11 pediatric
patients), which decreased in the following two weeks and
disappeared in the 4th week. The consolidation areas totally
resolved or reduced to small areas of fine reticulation. The
reticular pattern associated with subpleural parenchymal
bands and septal lines was detected to increase progressively
from the 3rd week. Apart from these findings, the final
scans of all pediatric patients in the 4th week showed
residual abnormalities, including reticular pattern or
GGOs with a superimposed reticular pattern and septal
lines. The image characteristics of the CT scans obtained
from the 3rd to the 4th week were clarified as interstitial
fibrosis. The parenchymal bands indicated subsegmental
atelectasis, which would be reversed as a result of resolution
of inflammation with re-expansion of alveoli. Similarly,
the resolution of interstitial edema and cellular infiltration
could also explain the resolution of subpleural irregular
linear opacities and septal lines. In one patient, the initial
scan showed patterns like layered cake, consolidation
with air bronchus signs in the accumulation area, GGOs
in the aforementioned area and normal lung in the top
area. The final scan showed that consolidation and GGOs
resolved completely, and that there were only a few residual
fibrotic lesions. Therefore, it was speculated that large
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and obvious consolidation accompanied with air bronchus
signs was more easily resolved. The finding was similar
to the CT images and prognosis of lobar pneumonia.
Pneumomediastinum, subcutaneous emphysema or
pneumothorax were found in five patients in the 4th day
after the accident, which aggravated in the early stage and
gradually resolved in the later stage. These findings were
consistent with some former studies on adults (1,26,29,30).
These conditions may be followed by severe cough caused
by exposure to toxic materials such as chlorine (31) and
nitrogen oxide (32). The mechanism of pneumothorax and
pneumomediastinum may be the result of alveolar rupture
caused by the direct injury of the alveoli 31).

Subsequently, CT scores were used to assess the extent
of lung injury and fibrosis during the course of inhalation
lung injury. Thus, the longitudinal changes of these two
main abnormalities could be seen directly. Meanwhile,
the integrated lung quantification software of AW 4.4
workstation was used to measure the lung volume to
evaluate the lung function. It was found that LICTS
positively correlated with MLD (r=0.811, P=0.000), while
negatively correlated with NVAR (r=-0.712, P=0.000).
Therefore, it was concluded that MLD can objectively
measure the extent of lung injury, and which suggested
that MLD combined with LICTS may be a reliable way
to evaluate the severity of inhalation lung injury. With the
increase of LICTS, NAVR decreased. Therefore, to some
extent, NAVR could be used to predict the pulmonary
function when pulmonary function tests were not done
in the acute stage of inhalation lung injury. Meanwhile, a
correlation was studied between LICTS and RAVR and
a negative correlation was found (r=-0.445, P=0.001),
but which was unexplainable from the perspective of
modern medicine. So, why were there changes in RAVR,
especially in the latter three CT scans? Because lung
fibrosis was detected from the latter three CT scans, and
it usually caused a restrictive ventilation disorder, it was
thus hypothesized that there may be some relationship
between RAVR and LFCTS, and just as expected, there was
a positive correlation between RAVR and LFCTS (r=0.382,
P=0.028) from the latter three CT scans. Therefore, it was
speculated that RAVR can objectively detect the changes
of pulmonary function resulting from lung fibrosis. It was
believed that it would aid the adjustment of treatment
timely because one important principle of lung fibrosis
treatment was to give treatment when lung fibrosis was
reversible so as to control the progress of the disease. When
the authors referred to a study about HRCT scan findings
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and pulmonary function, it suggested that smoke bombs
caused predominantly parenchymal damage of the lung and
a restrictive type of functional impairment (26). The main
manifestation of restrictive ventilation was the reduction in
inhalation. Thus, it was concluded that increased RAVR as
measured by the integrated lung quantification software was
consistent with the restrictive type of functional impairment
as evaluated by pulmonary function tests at the lung fibrosis
stage of inhalation lung injury. PFTs were helpful for
patients with inhalation lung injury, especially for follow-up
surveys. In this study, NAVR and RAVR could also predict
the changes in pulmonary function to certain extent for
patients with inhalation lung injury without PFT3, especially
for patients in acute phase and/or with low compliance (such
as the pediatric patients). However, this deduction needs to
be tested in a larger number of patients.

One year later, it was found that there were small
calcification points scattered under the pleura in the
child with the most severe conditions, and the rest of the
children were with subtle fine lines under the lower lobe
from the review images. Therefore, it was speculated that
the lung fibrosis caused by inhalation lung injury was
mostly reversible. However, because it was not a natural
progression, it could not be excepted that lung fibrosis caused
by inhalation lung injury was irreversible. Whether it was
reversible or irreversible, this study showed that the earlier
detection of lung fibrosis was and the earlier anti-fibrosis
treatment was given, the better the prognosis would be.

These pediatric patients underwent five CT scans in a
short period. Although they were taken according to the
low-dose scan protocol, the effective radiation dose was
still over the limit. It was necessary to observe the changes
of the disease and adjust the treatment for the severe
conditions of those patients at that time. The credibility
of the government and the hospital was challenged and
questioned due to the fire drill accident and the serial CT
scans, but now that these things happened, the authors
collected the related data to do a retrospective study to
make more people get some lessons from this accident.

Conclusions

The CT scan features of inhalation lung injury induced by
smoke bombs are predominantly GGOs and consolidation.
Strong correlations are observed between LICTS and
MLD or NAVR, and between LFCTS and RAVR in this
study. These results suggest that inhaling the smoke from
smoke bombs can cause parenchymal damage of the lung
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in the early stage and lung fibrosis in the later stage, and
that LICT'S associated with MLD can be used to accurately
evaluate the extent of lung injury. Meanwhile, NAVR can
be used to assess the pulmonary function with lung injury,
especially RAVR can be used to detect the changes of
pulmonary function resulting from lung fibrosis so as to aid
doctors to adjust treatment.
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