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Quantitative features can predict further growth of persistent pure
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Background: To evaluate whether quantitative features of persistent pure ground-glass nodules (PGGN)
on the initial computed tomography (CT) scans can predict further nodule growth.

Methods: This retrospective study included 59 patients with 101 PGGNs from 2011 to 2012, who received
regular CT follow-up for lung nodule surveillance. Nineteen quantitative image features consisting of
8 volumetric and 11 histogram parameters were calculated to detect lung nodule growth. For the extraction of
the quantitative features, semi-automatic GrowCut segmentation was implemented on chest CT images in 3D
slicer platform. Univariate and multivariate analyses were performed to identify risk factors for nodule growth.
Results: With a median follow-up of 52 months, nodule growth was detected in 10 nodules by radiological
assessment and in 16 nodules by quantitative features. In univariate analysis, 3D maximum diameter (MD),
volume, mass, surface area, 90% percentile, and standard deviation value (SD) of PGGN on the initial CT
scan were significantly different between stable nodules and nodules with further growth. In multivariate
analysis, MD [hazard ratio (HR), 3.75; 95% confidence interval (CI), 2.14-6.55] and SD (HR, 2.06; 95% CI,
1.35-3.14) were independent predictors of further nodule growth. Also, the area under the curve was 0.896
(95% CI: 0.820-0.948) and 0.813 (95% CI: 0.723-0.883) for MD with a cut-off value of 10.2mm and SD of
50.0 Hounsfield Unit (HU). Besides, the growth rate was 55.6% (n=15) of PGGNs with MD >10.2 mm and
SD >50.0 HU.

Conclusions: Based on the initial CT scan, the quantitative features can predict PGGN growth more
precisely. PGGN with MD >10.2 mm and SD >50.0 HU may require close follow-up or surgical intervention
for the high incidence of growth.

Keywords: Pure ground glass nodule (PGGN); computed tomography (CT); quantitative feature

Submitted Sep 27, 2018. Accepted for publication Dec 30, 2018.
doi: 10.21037/qims.2019.01.04
View this article at: http://dx.doi.org/10.21037/qims.2019.01.04

Introduction attenuation without a solid internal component that either

Pure ground-glass opacity (GGO) nodule has been detected remains stable or experiences growth during follow-up (1).

with an increasing rate as the comprehensive introduction Nodule growth was defined as an increase of at least 2 mm

of low-dose CT in the course of lung cancer screening, can in size or the development of a solid internal component,
be managed by long-term follow-up or elective surgery. which would be an indication for surgical resection. These
Persistent GGN is a group of focal lesions of increased nodules have a great heterogeneity, which has been shown
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in previous studies to correspond pathologically to invasive
pulmonary adenocarcinoma or pre-invasive lesions in
resected lesions with nodule growth (2-6). Therefore, it
is of utmost importance to differentiate between stable
PGGN and PGGN with high potential in further growth
accurately in clinical practice.

The assessment of nodule growth was performed by an
experienced radiologist who visually examined and manually
measured the interested nodule. Thus, there may be some
nodules experiencing three-dimensional development which
would be omitted by optical measurement. With the broad
application of quantitative imaging analysis, it has revealed
that quantitative features potentially allowed excellent nodule
characterization and differentiation (7-13). The accuracy
comparison of nodule growth detection between radiologist
assessment and quantitative image analysis has not been
reported. Herein, our study was aimed to investigate if the
quantitative features assessment can evaluate the actual
growth rate of PGGNs and predict further nodule growth

more accurately.

Methods
Study population

The Hospital Institutional Review Board approved this
retrospective study with a waiver for informed patient
consent. CT images, whose radiological reports included
descriptive words referring to PGGNs, were retrieved
from the radiology database of our hospital. CT images
reviewed by an experienced radiologist were eligible for
the study according to several criteria: (I) PGGNs with
long-axis diameter >5 mm but <3 cm in the initial CT; (II)
confirmation of persistent PGGNs in the follow-up CT scans
3—6 months after first CT scan; (III) no history of previous
or concurrent malignancy; (IV) follow-up period >3 years
for stable nodules; and (V) all initial and follow-up CT
scans were performed with section thickness <1 mm. In our
hospital, patients who had PGGN larger than 10-15 mm
or displayed strong anxiety because of the persistent lung
nodules and desired surgery underwent surgical intervention.
From January 2011 to December 2012, 59 patients with
101 PGGNss were included in this study.

Image acquisition and analysis

All unenhanced CT images were obtained by two different
manufacturers: Siemens and Philips. For both manufacturers,
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CT scans were acquired at full inspiration without contrast
medium at 120 KVp tube energy and 200 mAs effective dose.
In the Siemens group, a Somatom Definition AS scanner
(64x0.625 mm detector, 1.0 pitch) was used. All images were
reconstructed at 1.0 mm slice thickness, with an increment
of 0.7 mm and a standard soft kernel (Siemens B31 filter,
Siemens Medical Solutions, Forchheim, Germany). In the
Philips group, scans were conducted using a Brilliance 40
scanner (40x0.625 mm detector configuration, 0.4 pitch).
The image was reconstructed at 1.0 mm slice thickness, with
an increment of 0.7 mm and a sharp reconstruction kernel
(C filter, Philips, Cleveland, OH). Nodule segmentation
was performed by a radiologist and confirmed by another
experienced radiologist using 3D slicer (14) in a semi-
automatic GrowCut approach (www.slicer.org). All
segmentations were performed under lung window settings
at the width of 1400 Hounsfield Unit (HU) and a level of
-450 HU. After that, the quantitative features (volumetric
and texture) for the selected nodule were automatically
calculated in the Slicer Radiomics package (15).

Definition of quantitative features and nodule growth
assessment

The 3D maximum diameter (MD) was measured as the
most substantial pairwise Euclidean distance between
voxels on the surface of the nodule volume. The volume
was determined by counting the number of pixels in the
nodule region and multiplying the value with the voxel
size. The following equation attained the mass: Mass =
Volume x [(Mean + 1000) x 0.001], in which the value of
Mean is the mean attenuation of HU. Algorithms for the
calculation of other features are described in the Table S1.
To test the stability of quantitative feature extraction,
nodule segmentation was performed by another radiologist
on the last follow-up CT scan, and the interobserver ICC
(intraclass coefficient) was calculated (Figures S1,52). In
the quantitative analysis, PGGN growth was defined based
on two parameters: (I) an increase of at least 2 mm in MD
and (IT) an increase of at least 30% in volume or mass
(Figures S3,54). In the radiological assessment, the growth
of PGGNs was defined based on two parameters: (I) an
increase of at least 2 mm in long-axis diameter and (II) the
emergence of a solid component.

Statistical analysis

Continuous variables were compared using the independent
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Features All patients (n=59) Stable group (n=43) Growth group (n=16") P
Age 61 [40-85] 60 [40-75] 63 [41-85] 0.95
Sex 0.60
Male 19 13 6
Female 40 30 10
Smoking history 0.79
No 39 28 11
Yes 20 15 5
Number of lesions 0.15
1 32 24 8
2 16 13 3
3 7 5 2
4 4 1 3
Follow-up (months) 52 [32-69] 55 [43-69] 49.5 [32-56] 0.006
Surgical intervention 8 3 5 0.015

The data were shown as median number with range. ', the sixteen patients with nodule growth were identified by quantitative analysis.

sample 7-test or Mann-Whitney U-test, and categorical
data were analyzed by chi-square analysis. Variables with
P<0.05 were introduced as potential predictors into the
logistic regression analysis. To connect the information of
time to nodule growth, variables were also analyzed using
a Cox proportional hazard model. In multivariate analysis,
a backward stepwise selection model was applied with the
iterative entry of variables based on test results (P<0.05),
and the removal of variables was based on likelihood ratio
statistics with a probability of 0.10. A receiver operating
characteristic curve (ROC) analysis was performed to
determine the cutoff value of selected variables.

Results
Baseline characteristics of the study participants

The demographic and clinical characteristics of the
59 included participants are summarized in Table 1. There
were 19 females and 40 males with a median age of 61 years
(range, 40-85 years). A single nodule was detected in
32 patients, bi-synchronous nodules in 16 patients, and tri-
and Quadri-synchronous nodules in 7 and 4, respectively.
101 PGGNs were identified in this study entirely. The
median follow-up period was 52 months with a range of 32
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to 69 months. During the follow-up, nodule growth was
detected in 10 patients via radiological assessment and in
16 patients via quantitative analysis. The frequency of
nodule growth was 27.6% (16/58) and 15.8% (16/101) by
per-person and per-nodule analysis, respectively.

According to the presence or absence of nodule growth,
participants were divided into two groups. Except patients
with nodule growth who most likely received the surgical
intervention (7% versus 32%, P=0.015), there were no
significant differences in age, sex, or smoking history.

Nodule growth detected by radiologists or quantitative
analysis

Based on long-axis diameter increase and the emergence of
solid components that were evaluated by radiologists (Figure 1),
10 out of 101 nodules were identified in 10 patients. Among
the 10 PGGN with further growth, seven had long-axis
diameters that had increased by >2 mm, and three had
solid component emergence. As the ICCs were larger
than 0.8 for most quantitative features (see Figure S2), the
quantitative analysis showed a high level of reproducibility.
For all of the included patients, three parameters including
3D MD, volume, and mass were also calculated to detect
nodule growth by quantitative analysis. Twelve nodules
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Figure 1 Nodule growth assessment by a radiologist and
computerized analysis. Asterisk indicates nodules detected by

digital analysis but neglected by a radiologist.

with further growth in 3D MD were detected, 12 in
nodule mass, and 10 in nodule volume according to the
prespecified criteria. Through the combined use of these
three parameters, 16 nodules were identified with further
growth during the same follow-up period. Thus, compared
to radiological assessment, another six nodules were also
detected with occult growth on the quantitative analysis.

Prediction of nodule growth using quantitative CT features
on initial CT scan

As listed in Tible 2, the quantitative analysis of the initial
CT scan was performed on volumetric and texture features.
In the comparison of nodules with and without growth,
significant differences were found in most of the volumetric
features, including 3D MD, volume, mass, and surface area
(P<0.05). Nodules with further growth were significantly
larger than stable nodules on the initial CT scan in terms
of 3D MD (14.3+3.6 versus 8.9+2.6 mm; P=0.040), volume
(933.0£600.2 versus 290.7+238.4 mm’; P<0.001), mass
(244.3+247.9 versus 58.9+71.7 mg; P<0.001), and surface
area (525.5+238.1 versus 227.1+124.1 mm’; P<0.001).
However, most of the texture features showed no significant
differences between the stable and growth nodules, except
for the 90% percentile and standard deviation (P<0.001).
3D MD, volume, mass, surface area, 90% percentile, and
standard deviation were introduced as input variables for
logistic regression and Cox proportional hazard analysis.
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The univariate and multivariate Cox proportional hazard
analyses also confirmed that the 3D MD (HR, 3.75; 95%
CI: 2.14-6.55; P<0.001) and standard deviation (HR, 2.06;
95% CI: 1.35-3.14; P<0.001) predicted further nodule
growth (Table 3). Logistic regression analysis revealed
that larger 3D MD (OR, 6.35; 95%CI: 2.59-15.54;
P<0.001) and higher standard deviation (OR, 2.05; 95%CI:
1.06-3.97; P=0.033) were independent predictors of nodule
growth (Zable S2).

ROC analysis and risk stratification of nodule growth

Regarding the predictive performance, the area under the
curve (AUC) was 0.896 (95% CI: 0.820-0.948) for the 3D
MD, and the maximum Youden index (0.68: sensitivity,
93.75%; specificity, 74.12%) was obtained at a cut-off
value of 10.2 mm. As for the standard deviation, AUC was
0.813 (95% CI: 0.723-0.883), and the maximum Youden
index (0.59: sensitivity, 100.00%; specificity, 58.82%) was
obtained at a cut-off value of 50.0 HU (Figure 2). Based on
these two risk factors, PGGOs were stratified into three
groups showing an increasing incidence of nodule growth
(P=0.001): (I) the high-risk group consisted of nodules with
3D MD >10.2 mm and standard deviation of HU >50 HU;,
(II) the intermediate risk group consisted of nodules with
3D MD <10.2 mm and standard deviation of HU >50 HU,
and (III) the lower risk group consisted of nodules with
a standard deviation of <50 HU. Also, the growth rate of
PGGN was 55.6% (15/27) in the high-risk group (Figure 3).

Discussion

To differentiate the nodule growth during the follow-up
interval of persistent GGN is essential in clinical practice.
Our study results demonstrated that 3D MD and standard
deviation (SD) features were independent predictors for
nodule growth. Furthermore, the ROC analysis of MD and
SD attained an AUC value of 0.896 and 0.813, respectively,
indicating that MD and SD could be a valuable predictor of
GGN growth.

From Revel’s study that the 95% CI for the variability of
two-dimension (2D) measurements among different readers
was from -1.73 to 1.73 mm, the growth of nodule was defined
as an increase of >2 mm (16). Similarly, previous studies
determined an increase of >2 mm in long-axis diameter
as an essential criterion for PGGN growth (2,5,17-19).
However, 2D measurements of PGGN are unreliable
because of the lower contrast of PGGN with the
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Table 2 Volumetric and histogram quantitative features of all nodules on initial CT'

Features Stable group (n=85) Growth group (n=16) P

Volumetric parameters
3D maximum diameter (mm) 8.9+2.6 14.3+3.6 0.040
Volume (mm®) 290.7+238.4 933.0+600.2 0.001
Mass (mg) 58.9+71.7 244.3+247.9 0.001
Surface area (mm?) 227.1+124.1 525.5+238.1 0.001
Sphericity 0.88+0.03 0.84+0.04 0.058
Compactness 0.044+0.002 0.041+0.003 0.084
Elongation 0.88+0.07 0.86+0.05 0.737
Flatness 0.790+0.09 0.730+0.11 0.155

Histogram parameters
Mean (HU) -800+131.2 —753.7+143.1 0.329
Median (HU) -815.1+136.5 -817.6+81.1 0.405
Minimum (HU) -906.1+44.7 -932.8+30.5 0.136
Maximum (HU) -492.4+300.9 -53.1+429.8 0.149
10% percentile (HU) —-866.2+70.1 -878+28.9 0.184
90% percentile (HU) —-716.8+203.8 -532.0+406.0 0.001
Standard deviation (HU) 70.0+65.5 158.6+150 0.001
Skewness 1.7£11 2.5+1.1 0.906
Entropy 1.6+0.6 2.2+0.8 0.096
Kurtosis 8.8+7.7 13.5+£9.5 0.130
Homogeneity 0.44+0.12 0.32+0.11 0.670

The data were shown as mean + standard deviation. HU, Hounsfield Units.

Table 3 Cox proportional hazard analysis for predictors of further nodule growth

Features

Univariate analysis

Multivariate analysis

Adjusted HR (95% Cl)

P

Adjusted HR (95% ClI)

3D maximum diameter (mm)

Volume (mm®)
Mass
Surface area (mm?)

90% percentile (HU)

Standard deviation (HU)

3.94 (2.29-6.78)
2.07 (1.55-2.77)
2.43 (1.73-3.42)
2.54 (1.77-3.65)
1.96 (1.42-2.70)

1.79 (1.25-2.55)

0.001

0.001

0.001

0.001

0.001

0.002

3.75 (2.14-6.55)

2.06 (1.35-3.14)

0.001

0.001

Data are adjusted hazard ratio per one standard deviation change. HR, hazard ratio; Cl, confidence interval; HU, Hounsfield Units.
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Figure 3 Time to nodule growth for the three groups of nodules
stratified by SD and nodule size. SD, the standard deviation of
Hounsfield Unit.

surrounding pulmonary parenchyma compared with that
of solid nodules. Consequently, different decisions have
been made among observers with relation to the location of
PGGN boundary, causing great inter- and intra-observer
variabilities (20). Meanwhile, recent studies showed that a
semi-quantitative or quantitative assessment could improve
the interobserver agreement for sub-solid nodule (21,22).
Similar to previous studies (23,24), in which was indicated
that mass measurement variability ranged from -19.0% to
20.6% and volume measurement variability ranged from
-27.3% to 29.5%, we also defined nodule growth as an
increase of at least 30% in nodule volume or mass.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Additionally, de Hoop et a/. demonstrated that mass
measurements could facilitate earlier nodule growth
detection and were subject to less variability than volume or
size measurements (7). We evaluated the nodule growth of
all patients by volume, mass, and 3D MD, and another six
patients were found. While 2/3 of new detection is associated
with volume and mass, 2/3 is related to 3D MD. In our study,
the results showed that quantitative analysis could more
accurately detect the growth rate compared with conventional
criteria. Therefore, not only should we focus on changes in
diameter, but also mass or volume, for evaluating PGGNs
with further growth more precisely in the early stage.

In this context, quantitative analysis can maximize
the information obtained from the diagnostic images,
thus provide precise lesion characterization. With
the open source software of 3D slicer, we could
reproducibly and efficiently extract robust quantitative
features for evaluating 3D volumetric characteristics
and texture of CT value (14). Preliminary studies of
quantitative analysis in sub-solid nodules already have
demonstrated that quantitative traits such as entropy,
kurtosis, homogeneity, and mass were significant
differentiators for invasive adenocarcinomas (8,10,11,25).
We found most of the volumetric features on initial CT
scans were significantly different between the stable
PGGNs and PGGNs with further growth. Thus, we believe
that these features provide more detailed and reliable
measurements than visual morphological analysis in the
assessment of PGGN.

Generally, nodule size has been regarded as an indicator
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of malignancy of PGGNs. It was reported that large
nodule size and a history of lung cancer were risk factors
for nodule growth and 10 mm was proposed as a cut-off
value for PGGN size on the first CT scan (17). Recently,
a prospective study identified that initial nodule size was
associated with further growth of PGGNS (6). Consistently,
nodule MD on the initial CT scan was determined to be a
predictive factor for new growth in our study, and a cut-off
value of 10.2 mm was obtained with a specificity of 93.75%.
Similarly, Lee et al. reported that the optimal cut-off value
for discriminating between pre-invasive lesions and invasive
adenocarcinomas appearing as PGGNs was 10 mm (18).
Furthermore, Lim et 4. demonstrated that the size remains
a determinant of invasive adenocarcinomas even in
persistent PGGNs of >10 mm in diameter (26). Therefore,
we believe that large PGGNS, especially those >10 mm in
diameter, have a higher probability of further growth during
the follow-up period.

On the other hand, tumor heterogeneity is an established
feature of malignancy and is radiologically reflected by the
standard deviation (SD) and entropy value of the texture
features (8,10,25). In the present study, PGGNSs with further
growth showed higher entropy and SD value than solid
nodules, but the difference of entropy feature did not reach
a statistical significance. The SD value of the texture features
provided the first quantifier and represented the degree
of variation of pixel values within the PGGNs (8), which
could suggest that nodules with further growth were shown
to be more different with their internal characteristics.
However, our results showed that the entropy might not
be the same as SD, which could independently predict
new PGGN changes. Interestingly, there was no nodule
experiencing new growth when SD value was less than
the cut-off value of 50 HU for nodule sizes ranging
from 5.0 to 16.7 mm. One patient with SD >50 HU
was found with nodule growth even MD <10.2 mm.
The sensitivity of this cut-off was 100%; thus, it may be
better to consider conservative observation for lesions
with a standard deviation of <50 HU even if they have a
larger nodule size. After combining the two independent
predictors, the incidence of growth was 55.6% when MD
>10.2 mm and SD >50 HU. Therefore, we suggest close
follow-up or surgical intervention for these lesions, which
requires further prospective validation if these results are to
be applied in clinical practice.

It was reported that the 97.5% percentile value could be
helpful in predicting further nodule changes (27). In the
current study, the 90% percentile value of texture features on
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the initial CT scan was significantly higher in nodules with
further growth. However, the factor was not an independent
predictor in multivariate analysis. Two previous studies
have proven that the mean CT attenuation of nodules could
be useful in predicting PGGO growth, and nodules with
further growth had a higher value of >-670 HU (28,29).
Regarding our study, the majority of PGGN have a mean
CT value of <-670, and it may be reasonable that the mean
CT attenuation of PGGNs with growth has a no significant
higher tendency compared with that of stable nodules.

The present study has several limitations in addition to
those described above. First, this is a retrospective study
based on a small sample in a single institution. To validate
the findings, a retrospective external validation study or a
prospective observational study should be conducted in the
future. Second, we defined an increase of at least 30% in
volume or mass as the growth of PGGN based on previous
studies, but we didn’t evaluate the inter- and intra-observer
variabilities. Finally, we excluded patients with a history of
lung cancer because of the different protocols for follow-
up, which was a risk factor for PGGN growth according to
previous studies. Future prospective studies are warranted
to confirm our results and to investigate the proper
management of these additionally detected lung nodules in
quantitative analysis.

Conclusions

The quantitative analysis was useful in identifying nodule
change and predicting further growth based on the initial
CT scan. PGGOs with MD >10.2 mm and SD >50.0 HU
on the initial CT scan may require close follow-up or
surgical intervention because of the high incidence of
nodule growth.
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Supplementary

Table S1 Algorithms and definitions for the calculation of volumetric and histogram features

Category Features Definition Annotation
Volumetric 3D maximum diameter Measured as the largest pairwise Euclidean /
features distance between voxels on the surface of the

nodule volume

Volume Determined by counting the number of pixels in /
the nodule region and multiplying this value by the
voxel size
Surface area L | Where N is the number of triangles
;5"11[71' x a,.cl.| covering the surface and a, b and ¢
" are edge vectors
Sphericity 1 2 /
z—(6V)=
3 3
S
Compactness V /

Elongation S where R is the radius of a sphere with
47 R? the same volume as the nodule
Histogram Mean 1Y Y(i Let X denote the three-dimensional
features WZ (l) image matrix with N voxels and P
first order histogram with N, discrete
intensity levels
Median The median intensity of the X y
Minimum The minimum intensity of the X
Range The range of intensity values of X
Maximum The maximum intensity of the X

10% percentile
90% percentile

Standard deviation

Skewness

Entropy

Kurtosis

Homogeneity

The 10% percentile of the X
The 90% percentile of the X

[ﬁ IN (X(i)—})z];




Observer one Observer two

Figure S1 A representative image is displaying the process of nodule segmentation in 3D-Slicer between two observers.
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Figure S2 Intraclass coefficient of the quantitative features between two observers.



Voxel percentage
N
© o

o

IS

N

D 14

12

Voxel percentage

<
i,

Figure S3 Computed tomography images of a representative pure ground glass nodule with nodule growth in size, volume, and mass. 85,

female, 24 months.
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Figure S4 Computed tomography images of a representative pure ground glass nodule with the emergence of a solid component. 76, male,

24 months.

Table S2 Logistic regression and ROC analysis for CT predictors of further nodule growth
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Predictors Skewness Predictors OR (95% Cl) P
3D maximum diameter (mm) 6.35 (2.59, 15.54) 0.001 0.896 (0.820, 0.948) 10.2
Standard deviation (HU) 2.05 (1.06, 3.97) 0.033 0.81 (0.723, 0.883) 50.0

Data are adjusted odds ratio per one standard deviation change. ROC, receiver operating curve; OR, odds ratio; Cl, confidence interval;

AUC, area under the curve.
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