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Abstract

Objective To evaluate quantitative parameters of nonsolid nodules on paired inspiratory and expiratory computed tomography
(CT) and to examine whether these parameters are sensitive to lung inflation reflected by lung volume.

Methods Thirty-three patients with 41 nonsolid nodules were included in this prospective study. Paired inspiratory and low-dose
respiratory plain chest CT were performed. The volume and density of nonsolid nodule(s), both lungs, the right and left lung, and
five lobes, were analyzed in inspiratory and expiratory CT scans. The ratio of expiratory to inspiratory parameters was calculated
and labeled as parameterg.1y;. To standardize the changes in nonsolid nodule quantitative parameters, the ratio of nonsolid nodule
parameter to lung parameter was also calculated. Quantitative parameters were compared between inspiratory and expiratory CT.
Results Nonsolid nodule volumes on expiratory CT were reduced by 19.8% + 12.9%, while the density was increased by 11.4% =+
8.8%. The volume of nonsolid nodules was significantly greater on inspiratory compared with expiratory CT (p <0.001). The
density of nonsolid nodules was significantly greater on expiratory than inspiratory CT (p <0.001). The volumeg.r,; was signifi-
cantly greater than densityg.r,; both in nonsolid nodules and lung. The volume.p,; and density .1y of nonsolid nodules were
independent of size. The density 1,1 of nonsolid nodule was greater in the lower lobe than that in the upper lobe (p =0.002).
Conclusion Volume changes in nonsolid nodules were more sensitive than density changes in expiratory phase. The density of
lower lobe nodules was more susceptible to respiration. Expiratory scanning is not recommended for quantification of nonsolid
nodules and/or follow-up.

Key Points

¢ The nonsolid nodule volume on expiratory CT was reduced by 19.8% + 12.9%.

* The nonsolid nodule density on expiratory CT was increased by 11.4% + 8.8%.

* The volume .y and density g of nonsolid nodules were independent of size.
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nodule may be caused by partial airspace filling, interstitial
thickening with inflammation, fibrosis, and neoplastic prolif-
eration [1-3]. Nonsolid nodules are a non-specific finding on
thin-section computed tomography; however, many early-
stage lung adenocarcinomas manifest as nonsolid nodules on
thin-section CT [4]. Most of the nonsolid nodule is inert; the
follow-up CT is needed to evaluate changes. According to the
Fleischner Society guideline for nonsolid nodules, size and
density are the most important indices in the follow-up CT
to determine persistence or increases in size or density, which
would determine further management [5, 6]. In general, the
measurement of volume and density is performed in apnea
after full inspiration CT images are acquired. Moreover, the
nature of malignant nonsolid nodules reflects a lepidic growth
pattern, possibly susceptive to lung volume. Clinically, the
scanning position changing would affect the shape or morpho-
logical features of nonsolid nodules, which may be caused by
the degree of lung inflation [7]. Therefore, we hypothesized
that the degree of lung inflation would affect the quantitative
evaluation of the nonsolid nodules. This hypothesis is very
important in the management of nonsolid nodules based on
volume and density. To date, however, few studies focused on
the effect of lung inflation on the quantitative assessment of
nonsolid nodules. The purpose of this study was to quantita-
tively evaluate changes in nonsolid nodule parameters in-
duced by the respiratory phase and to examine whether these
parameters are sensitive to lung inflation, in an attempt to
characterize physiological changes in different respiratory
phases and inform more precise management of nonsolid
nodules.

Materials and methods
Subject population

From December 2017 to March 2018, subjects who
underwent routine non-contrast enhanced chest CT scanning
and were admitted to the department of radiology in one hos-
pital were enrolled in this prospective study. After routine
chest CT scanning on end-inspiration, the images were evalu-
ated by a 13-year experienced thoracic radiologist immediate-
ly and, if complying with all the following inclusion criteria,
were included in this study. The inclusion criteria for nonsolid
nodules were as follows: solitary or multiple lung nodule(s)
manifesting as nonsolid nodule on thin-section (1 mm) inspi-
ratory CT imaging, no solid or part-solid nodules, no calcified
nodules, no emphysema (emphysema index < 6% [8]), and no
other lung disease (e.g., COPD, any pattern of interstitial
pneumonia and consolidation) affecting mean lung density
(MLD). The MLD of normal pulmonary parenchyma on in-
spiratory CT is — 400 HU to — 899 HU [9]. Subjects with
combined nodules, consisting of nonsolid and solid, or part
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solid, or calcified nodules were excluded. A total of 986 sub-
jects underwent non-contrast enhanced chest CT scanning
during this period. Among these subjects, 78 who exhibited
solid/part-solid nodules, 113 who had calcified nodules, 176
with emphysema, 186 with fibrosing interstitial pneumonia,
28 with multiple lung nodules combining nonsolid nodule and
solid, part solid, or calcified nodules, 68 with consolidation,
and 304 with negative findings were excluded. The remaining
33 subjects (14 men, 19 women; age range, 3077 years) with
41 nonsolid nodules were included in this study. The study
was approved by the local ethics committee, and prospective
written informed consent for study participation was obtained
from all subjects after the nature of the procedure had been
fully explained. All 33 included subjects underwent inspirato-
ry and low-dose expiratory chest CT scanning. The two scans
were performed with an interval of 3—5 min (time to read the
inspiratory images).

CT scanning

All the subjects underwent imaging on a Philips Brilliance
256-slice CT (Philips Healthcare). Breath-hold training was
performed before CT scanning. All the subjects were asked
to hold apnea after full inspiration or expiration as long as
possible. Non-contrast enhanced imaging was performed
from the thoracic inlet to the middle portion of the kidneys.
The following imaging parameters were used for inspiratory
CT scanning: 120 kVp/dose modulation with automatic expo-
sure control (AEC), slice thickness 1 mm, slice interval 1 mm,
matrix of 512 x 512, collimation 128 x 0.625 mm, rotation
0.5 s, high-resolution algorithms, and iDose4 iterative recon-
struction. To reduce exposure to radiation, the expiratory
phase was performed at 120 kVp/50 mAs; other parameters
were same as the inspiratory CT scanning, including the re-
construction algorithm.

Imaging analysis

Inspiratory and expiratory images were evaluated using lung
density and lung nodule software on a post-processing worksta-
tion (Extended Brilliance Workspace TM, Philips Healthcare),
respectively. Because lung density and volume are affected by
lung inflation, to standardize changes in nonsolid nodule quanti-
tative parameters, lung density and volume were investigated.
The lung tissue was segmented semi-automatically at the lobe
level, followed by fine adjustment of the fissure margin by man-
ually verifying the coronal, sagittal, and axial plane slice by slice
to ensure accurate segmentation of the lobe by a thoracic radiol-
ogist with 13 years of experience. The MLD and volume of both
lungs, right lung, left lung, and five lobes were generated auto-
matically and recorded. The nonsolid nodule was segmented
semi-automatically; the nonsolid nodule margin was adjusted
manually slice by slice on the three planes to ensure accurate
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Table 1 Lung volume, lung

density, nonsolid nodule volume Parameters Inspiration Expiration p value

and nonsolid nodule density on

inspiratory and expiratory CT Both lung volume (em®) 4616.9 (1099.7) 2920.5 (1097.3) < 0.001%
Right lung volume (cm?) 2403.1 (561.0) 1592.2 (621.5) <0.001%
RUL volume (cm?) 938.2 (198.1) 660.6 (242.5) <0.001%
RML volume (cm®) 362.7 (113.5) 305.8 (112.6) <0.001%
RLL volume (cm?) 1150.4 (211.7) 693.3 (298.9) <0.001%
Left lung volume (cm®) 2224.8+445.5 1393.0 (512.3) <0.001%
LUL volume (cm®) 1130.9 (200.8) 770.2 (311.6) <0.001%
LLL volume (cm®) 1095.1 £243.7 657.9 (205.5) <0.001%
Both lung density (HU) —858+25 —792+43 <0.001
Right lung density (HU) —857+25 =798 (79) <0.001%
RUL density (HU) —865+23 —817 (73) <0.001%
RML density (HU) —869 (36) —831+32 <0.001%
RLL density (HU) —846+30 —755+63 <0.001
Left lung density (HU) —860£25 —794+45 <0.001
LUL density (HU) —869+24 —827 (64) <0.001%
LLL density (HU) —851+29 —773(68) <0.001%
Nonsolid nodule long axial (mm) 9(7) 8 (6) <0.001%
Nonsolid nodule short axial (mm) 7(4) 7(5) 0.008%
Nonsolid nodule size (mm) 8(5) 7(5) <0.001%
Nonsolid nodule volume (cm?®) 0.3 (0.8) 0.2 (0.6) <0.001%
Nonsolid nodule density (HU) —-659+110 —588+£128 <0.001%

Data was expressed as mean + standard deviation or median (interquartile range). € Paired  test or Wilcoxon

signed ranks test was used

segmentation by the same experienced thoracic radiologist. Both
the lung and subsolid nodule segmentations were performed un-
der another experienced (20 years) thoracic radiologist instruc-
tion. Consensus regarding the fine adjustment of margin of lung
lobe and nonsolid nodule by the two experienced radiologists
was reached. The segmentation reproducibility of intra- and
inter-observer was confirmed in a previous study [10]. Long axis,
short axis, volume, and mean density of nonsolid nodules were
generated automatically and recorded. The size of nonsolid nod-
ules was defined as the average of long axial and short axial [5].
Based on the clinical common threshold for lung nodule size
evaluation and the T descriptor of 8th edition TNM stage of
NSCLC [11, 12], nonsolid nodules were classified into two
groups, <10 mm and >10 mm. The changes in the
abovementioned parameters, the ratio of expiratory parameter
to inspiratory was calculated and defined as parameterg
{(Parametereypiratory—Parameteringpiratory/Parameteringpiratory - 10
standardize changes in nonsolid nodule quantitative parameters
more accurately, the ratio of nonsolid nodule volume to ipsilateral
lung volume (Volume,onsolid nodute’ Yolumer ), ratio of nonsolid
nodule volume to the corresponding lobe volume nonsolid nod-
ule located (Volume,onsolid nodule/ VOlumeope), ratio of nonsolid
nodule density to ipsilateral lung density (Density,onsolid nodule’
Densityy; ), and ratio of nonsolid nodule density to the corre-
sponding lobe density nonsolid nodule located (Density,onsolia
nodutle/Densityyope) were also calculated, respectively.

Statistical analyses

Statistical analysis of all data sets was performed with SPSS
21.0 software (SPSS Inc). The normality of the distributions
was tested using the Shapiro-Wilk test. The data are expressed
in mean =+ standard deviation or median (interquartile range).
In terms of measurement data that were normally distributed,
paired ¢ test or independent sample 7 test was used; otherwise,
statistics were analyzed using the Mann-Whitney U test or the
Kruskal-Wallis test. A two-sided p value < 0.05 was consid-
ered to be statistically significant.

Results

There were 28 patients with solitary nonsolid nodules, four with
two nonsolid nodules, and one with five nonsolid nodules. The
size range of nonsolid nodules on the inspiratory phase was
6~23 mm with average size 10 mm +4 mm, and 6~21 mm with
average size 10 mm + 4 mm on the expiratory phase. Twenty-
four nonsolid nodules were < 10 mm in mean size, 14 were
between 10 mm and 20 mm, and three were > 20 mm on inspi-
ratory CT imaging. Twelve ones were located in the right upper
lobe, one in the right middle lobe, eight in the right lower lobe, 14
in the left upper lobe, and six in the left lower lobe.
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Fig. 1 Nonsolid nodule on paired
inspiratory and expiratory phase
CT axial images and volume
rendering. A nonsolid nodule in
the posterior segment of the left
upper lobe, confirmed as
minimally invasive
adenocarcinoma by surgical
pathology in a 35-year-old
female. Inspiratory phase (a, c).
Expiratory phase (b, d). The
volume was 212 mm® and 184
mm? on inspiratory and
expiratory CT, respectively. The
mean density was — 698 HU and
— 616 HU on inspiratory and
expiratory CT, respectively

Lung volume and density at the lobe level
on inspiratory and expiratory CT

The data presented in Table 1 revealed that all the lung volume
parameters were significantly greater in the inspiratory phase
than in the expiratory phase (p <0.001). Lung density was
significantly greater in the expiratory phase than in the inspi-
ratory phase (p <0.001).

Nonsolid nodule volume and density on inspiratory
and expiratory CT

The long axial, short axial, size, and volume of nonsolid
nodule on inspiratory CT was significantly greater than
on expiratory CT images (p <0.001, p =0.008, p<0.001,
and p <0.001, respectively) (Table 1). The mean density
of nonsolid nodule on expiratory CT was greater than on
inspiratory CT images (—588 Hounsfield units [HU]+
128 HU vs. — 659 HU+£110 HU, p<0.001) (Figs. 1
and 2).

@ Springer

Comparison of quantitative parameter ratio
on inspiratory and expiratory CT

To standardize changes in quantitative parameters of nonsolid
nodule, the ratio of each parameter to the ipsilateral lung and
the located lobe was calculated and compared (Table 2).
Neither the Volume,gnsolid nodute/ Volumeyp nor the
Volume,onsolid nodule’ Volume,,. was statistically different be-
tween inspiratory and expiratory CT (p=0.418, p=0.058,
respectively). Both Density,onsolid nodquie/Densityy and
Density,onsolid nodule/Densityjope were significantly greater on
inspiratory CT than on expiratory CT (p =0.025, p =0.004,
respectively).

The quantitative parameters of change ratio on expiratory
CT relative to those on inspiratory CT are listed in Table 3.
The volume g1, was significantly greater than the density g py1,
not only in nonsolid nodule but also in the lung and the ratio of
nonsolid nodule to lung parameters. Nonsolid nodule size and
volume on expiratory CT was reduced by 6.9% +7.8% and
19.8% =+ 12.9%, respectively, while the density was increased
by 11.4% + 8.8% (Fig. 2).
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Fig. 2 Boxplot of pulmonary nonsolid nodule volume, density, and
change ratio on inspiratory and expiratory CT. Volume (a), density (b),
volume change ratio and density change ratio (¢). Volume change ratio =
volume g 1,1, Density change ratio = density g1

Comparison of quantitative parameter ratio
between different size and different lobe of nonsolid
nodules

The quantitative parameters of change ratio on expiratory CT
relative to inspiratory CT were also compared among different
sizes of nonsolid nodule. Due to the small sample size of
nonsolid nodule >20 mm (n = 3), it was merged with nonsolid
nodule between 10 and 20 mm into one group. The nonsolid
nodules were classified into two groups, < 10 mm and > 10 mm.

Table2  Volume and density ratio of nonsolid nodule to ipsilateral lung
and lobe on inspiratory and expiratory CT

Parameters (%) Inspiration ~ Expiration  p value
Volume,onsolid nodute/ Volumey, 0.01 (0.04) 001 (0.04) 0.418"
Volume,onsolid noduie’ Volumeope ~ 0.03 (0.08)  0.04 (0.08)  0.058"
Densitysonsolid nodute’ DeNsityr 79.2(13.5)  77.1(17.4)  0.025%
Densitynonsolid nodulc/DenSitylobc 76.3+11.7 73.5+15.0 0.004*

Data was expressed as mean + standard deviation or median (interquartile
range). /L, ipsilateral lung; lobe, the lobe that nonsolid nodule was locat-
ed. " Wilcoxon signed ranks test. *Paired ¢ test

No difference was found in nonsolid nodule volume g 1), and
density 1 between the two groups (p=0.352, p=0.195, re-
spectively) (Table 4), while in the same group, the nonsolid
nodule volume_ 1), was greater than density )1 (p =0.009,
p =0.044, respectively).

The quantitative parameters of change ratio on expiratory
CT relative to inspiratory CT were also compared in different
lobe of nonsolid nodule. The nonsolid nodule in right middle
lobe (n = 1) was excluded for this analysis. The densityg.jy; of
nonsolid nodule was significantly greater in the lower lobe
than that in the upper lobe (p = 0.002) (Table 5). No difference
was found in volumetric parameter between the upper and
lower lobes (p =0.066).

Discussion

Significant differences were found in volume and density of
nonsolid nodules between the inspiratory and expiratory
phases on CT imaging. Moreover, changes in volume and
density of nonsolid nodule were independent of size. The
changes in nonsolid nodule density were associated with lo-
cation, and the lower lobe nodules were more susceptible to
variation in respiration (Table 5). Our study provided novel
insights on the quantification of nonsolid nodule and the de-
gree of lung inflation without any comparative studies in the
literature. This was the first study to evaluate changes in the
volume and density of nonsolid nodules on paired inspiratory
and expiratory CT.

Due to the negative pressure of the thoracic cage during
inspiration, more air is inhaled to inflate the lung. In the pres-
ent study, both the volume of the entire lung and each lobe
decreased from end-inspiration to end-expiration, which has
been reported in some studies, not only with CT but also with
magnetic resonance imaging (MRI) [13, 14]. Unilateral lung
volume was reduced in the expiratory phase. A previous study
investigating the effect of lung inflation on pulmonary perfu-
sion using MRI in health volunteers reported that the area was
larger on end-inspiration than on end-expiration [14]. Lung
density in vivo on CT is the combination of the pulmonary

@ Springer



4338

Eur Radiol (2019) 29:4333-4340

Table 3 Quantitative parameters
of change ratio on expiratory CT

relative to inspiratory CT

Parameter (E-1)/1 Range (%) Mean + SD/median (IQR) (%) p value
Nonsolid nodule parameters
Nonsolid nodule long axial (—28.9~5.6) -8.0+6.6 <0.001
Nonsolid nodule short axial (—34.2~25.7) —-52+132
Nonsolid nodule size (—24.7~8.7) -69+78
Nonsolid nodule volume (—43.9~10.4) -19.8+12.9%
Nonsolid nodule density (—33.5~1.8) —-11.4+£8.8
Lung parameters
IL volume (—49.7~7.2) —-27.5(28.9)° 0.001
IL density (- 15.6~0.4) -77+4.1°
Lobe volume (—50.6~66.5) -30.2 (26.2)°
Lobe density (- 17.5~0.6) —74+47°
Ratio of nonsolid nodule to lung parameters
Volume,onsolid nodule/ Volumey; (—43.9~87.5) 0.8 (34.1) <0.001
Volume,onsolid nodute/ Volume;gpe (—49.8~81.4) 14.0+27.0¢
Density,onsolid nodule/ Densityy. (—24.5~14.1) -1.5(.3)
Density,onsolid nodule/Densitylobe (—22.4~9.1) -2.0(7.8)¢

IOR, interquartile range; Parameter (E-1)/I, (Parametereypiratory—Parameterinspirtory)/Parameteringpiratorys 1L, ipsilat-
eral lung; lobe, the lobe that nonsolid nodule was located. The Kruskal-Wallis test was performed in nonsolid
nodule parameters, lung parameters, and the ratio of nonsolid nodule to the lung parameters. * Significant differ-
ence was found (statistic value 10.81, p=0.001). b Significant difference was found (statistic value 17.46,
p<0.001). © Significant difference was found (statistic value 29.89, p < 0.001). ¢ Significant difference was found

(statistic value 13.32, p <0.001)

parenchyma, interstitial, and blood. It has been confirmed that
blood plays a significant role in lung density/weight in pig.
Compared with bloodless conditions in pigs, CT obtained
in vivo consistently overestimated lung weight/density be-
cause it included pulmonary blood [15]. Lung density reflects
the pulmonary interstitial structure, especially the
bronchovascular bundle. The increase in vascular density is
proportional to a decrease in lung volume. It is known that
lung inflation has a significant effect on the pressure-flow
relationship of the pulmonary vasculature. Lung inflation af-
fects the pulmonary vasculature by compressing the small
pulmonary vessels, which leads to a significant amount of
blood expelled from the pulmonary circulatory system [16].
Accordingly, pulmonary blood flow is less in a high state of
lung inflation than in a low state (i.e., inspiration vs. expira-
tion) at the same cardiac phase. This would cause a decrease in
MLD. Meanwhile, more air in the alveolar would further

decrease MLD. In this study, higher density was observed
on end-expiration than on end-inspiration, which corresponds
to the normal physiological process. Unilateral lung density
was increased in the expiratory phase.

In the guidelines for the management of incidental pulmo-
nary nodules detected on CT images [5, 17], the size is one of
the most important indices used to determine management
strategy. For nonsolid nodules that require further follow-up
CT scanning, size assessment is essential. In this study, the
size of nonsolid nodules changed significantly between the
different respiratory phases. Table 1 shows that size and vol-
ume were significantly reduced in the expiratory phase.
Nonsolid nodule volume declined with the reduction in lung
volume in expiratory phase, indicating that the nature of
nonsolid nodule is not completely solid and is vulnerable to
lung inflation, which may be related to its pathological basis,
with most manifesting in a lepidic growth pattern along the

Table 4 Quantitative parameters

of change ratio on expiratory CT Parameters <10 mm >10 mm p value

relative to inspiratory CT in (n=24) (n=17)

different size of nonsolid nodules
Mean size 7 mm=+1 mm 13 mm (6 mm) <0.001%
Nonsolid nodule volumeg.p1 —182%+13. 9%" -22.0%+113%° 0.352%
Nonsolid nodule density 1 -8.6% (1.7%)" —14.2%+10.7%" 0.195%

Data was expressed as mean = standard deviation or median (interquartile range). * Significant difference was
found with Mann-Whitney U test (statistic value —2.598, p=0.009); ® Significant difference with independent
samples 7 test (statistic value —2.095, p = 0.044). “ Mann-Whitney U test. *Independent samples ¢ test
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Table 5 Quantitative parameters of change ratio on expiratory CT
relative to inspiratory CT in the upper lobe and lower lobes

Lower lobe
(n=14) (%)

Parameter (E-I)/1 Upper lobe

(n=26) (%)

p value

Nonsolid nodule volume —-17.2 £ 125 —251+12.6 0.066*

Nonsolid nodule density -78+44 -18.6+10.7 0.002*
Nonsolid nodule long axial -67+6.0 —10.8+72 0.063*
Nonsolid nodule short axial -6.6£12.1 —-2.1+153 0.319*
Nonsolid nodule size -68+75 —73+£9.0 0.864*
Lobe density -6.1+33 —10.1+59 0.031*

—26.5+13.8 —404 (22.5) 0.065%
158 £245 12.1432.5 0.684*
-1.7+48 —103(22.6) 0.094%

Lobe volume
Volume nonsolid nodule/\IOhlrne lobe

DGHSity nonsolid nodule/DCHSity lobe

Data was expressed as mean + standard deviation or median (interquartile
range)
*Independent samples 7 test. * Mann-Whitney U test

Parameter (E-I1)/I, (Parametercypiratory—Parameterinspiratory)/
Parameteriyspiratory; /L, ipsilateral lung; lobe, the lobe that subsolid nodule
was located

alveolar. Volume doubling time plays an important role in the
differential diagnosis of nonsolid nodule; therefore, volume
quantification should be accurate, and any change caused by
physiological factors should be excluded. Therefore, during
the follow-up CT scanning, the degree of lung inflation plays a
major role in accurately determining changes in nonsolid nod-
ules. In this study, only two points, end-inspiration and end-
expiration, were assessed, and the degree of lung inflation
may be different among patients due to lack of the quantitative
assessment of lung inflation, which in turn may have affected
the results. Ideally, a 4D respiratory gating CT technique may
be recommended in nonsolid nodule quantification follow-up
to ensure the same lung inflation degree at any time point in
the respiratory cycle. However, in the clinic, a more practical
suggestion would be the mandatory use of thin section
(1 mm), which would enable optimal comparison of anatom-
ical landmarks between scans to ensure the degree of respira-
tory effort to be as consistent as possible, which is especially
important when using cross-sectional measurements.
Furthermore, whenever possible, follow-up studies should
be performed using the same equipment with the same soft-
ware when available.

Nonsolid nodule density is another important parameter
with regard to differential diagnosis, predicting growth, iden-
tifying pathological invasiveness of lung adenocarcinomas,
and prognosis [ 18-20]. It has been reported that nonsolid nod-
ule with a maximum diameter of <10 mm and a CT value
<—600 HU is nearly always preinvasive lesions [21].
Therefore, accurate quantification of nonsolid nodule density
is very important. Lung density changes in the paired inspira-
tory and expiratory phase have been widely explored in
COPD, evaluating the E/I MLD and air trapping [9, 22]. No

studies reported in the literature focused on density changes in
nonsolid nodules in different respiratory phases. In this study,
we found that nonsolid nodule density was increased by
11.4% + 8.8% in expiratory phase compared with the inspira-
tory phase. The increase in nonsolid nodule density is propor-
tional to a decrease in nonsolid nodule volume, which is sim-
ilar to changes in the lung. Moreover, the changes in density in
nonsolid nodules of the lower lobe were significantly greater
than in the upper lobe; thus, supporting the speculation of
which may be more affected by respiration status. The respi-
ratory state (i.e., the degree of lung inflation) affects the vol-
ume and density of nonsolid nodules. Therefore, the degree of
lung inflation should be considered in the quantitative analysis
of nonsolid nodules to avoid misinterpretation of the results.

To standardize changes in parameters in different respira-
tory phases, the ratio of nonsolid nodule parameters to lung
parameters were calculated and compared. Table 3 shows that
Volume,onsolid nodule/ Yolume,,e was greater than
Densityonsolid nodule’D€NSityiope. The volume change in
nonsolid nodules was greater than the density change, same
as the lung parameters, indicating the volume is more sensitive
to lung inflation than density. When evaluating volume, more
attention should be devoted to the degree of lung inflation.
Management of nonsolid nodules depends on nodule size.
According to the 2017 Fleischner Society guideline, the
threshold size is 6 mm (100 mm®). The size range of nonsolid
nodules in this study was 6~23 mm in the inspiratory phase,
and 10 mm was set as the threshold to evaluate the difference
in volume.jy; and densityg 1 between different sizes of
nonsolid nodules. We found that the volume.j); and
density .1 of nonsolid nodules were independent of size.
This is consistent with the threshold of Fleischner Society
guideline, regardless of whether its size > 10 mm; therefore,
only one size threshold 6 mm is essential. To reduce radiation
exposure, expiratory CT was performed using low-dose CT
(120 KV/50 mAs) and iDose4 iterative reconstruction.
Previous studies have reported the effect of dose reduction on
the quantification of phantom and lung nodule, including den-
sity, volume, and texture features [23-25]. However, iDose4
iterative reconstruction was used in this study, which could help
to reduce the effect on the quantification of lung nodules.

This study has some limitations; the first of which was its
prospective design and relatively small sample size. Second,
the quantitative parameters of nonsolid nodule were derived
from the results of semiautomatic segmentation; however,
consensus on segmentation was reached by two experienced
thoracic radiologists and validated in a previous study [10].
Third, small internal vessels and bronchi could not be exclud-
ed, which may have affected the attenuation of the subsolid
nodule. Fourth, the low-dose CT scanning in the expiratory
phase may affect the quantification of nonsolid nodules,
which was not taken into account in this study. In future stud-
ies, more nonsolid nodules should be included in further
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research to obtain more accurate results for changes in quan-
titative parameters at different respiratory phases.

In conclusion, the degree of lung inflation could affect the
volume and density of nonsolid nodules, and changes in vol-
ume were more sensitive than changes in density in the expi-
ratory phase. Expiratory scanning is not recommended for
quantification of nonsolid nodules and/or follow-up.
Moreover, inspiratory scanning should ensure lung inflation
as consistent as possible in follow-up CT to inform more
precise management of nonsolid nodules.
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