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Background: Chronic obstructive pulmonary disease (COPD), a preventable lung
disease, has the highest prevalence in the elderly and deserves special consideration
regarding earlier warnings in this fragile population. The impact of age on COPD is well
known, but the COPD risk of the aging process in the lungs remains unclear. Therefore,
it is necessary to understand the COPD risk of the aging process in the lungs, providing
an early COPD risk decision for adults.

Methods: COPD risk is evaluated for adults to make an early COPD risk decision from
the perspective of lung radiomics features. First, the subjects are divided into four groups
according to the COPD stages. Their ages are divided into eight equal age intervals
in each group. Second, four survival Cox models are established based on the lung
radiomics features to evaluate the risk probability from COPD stage 0 to suffering COPD
and COPD stages. Finally, four risk ranks are defined by equally dividing the COPD risk
probability from O to 1. Subsequently, the COPD risk at different stages is evaluated with
varying age intervals to provide an early COPD risk decision.

Results: The evaluation metrics area under the curve (AUC)/C index of four survival
Cox models are 0.87/0.94, 0.84/0.83, 0.94/0.89, and 0.97/0.86, respectively, showing
the effectiveness of the models. The risk rank levels up every 5 years for the subjects
who had suffered COPD after 60. For the subjects with COPD stage 0, the risk rank
of suffering COPD stage | levels up every 5 years after the age of 65 years, and the
risk rank of suffering COPD stages Il and Ill & IV levels up every 5 years after the age
of 70 years.

Conclusion: Once the age is above 60 years, the patients with COPD need to take
action to prevent the progress and deterioration of COPD. Once the age is above 65
years, the patients with COPD stage O need to take precautions against COPD.
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is characterized
by persistent airflow limitation. The gold standard for the
diagnosis and evaluation of COPD is the forced expiratory
volume in the first second (FEV;) and FEV /forced vital capacity
(FVC) ratio examined by pulmonary function test (PFT) (1).
Previous studies on COPD mainly focus on COPD diagnosis and
classification (2), COPD treatment (3, 4), COPD exacerbation
prediction (5, 6), and COPD evaluation (7, 8). Many age-
associated changes have been confirmed in the respiratory and
pulmonary immune systems (9). Age relative risks of COPD
mortality increase exponentially in China and the US (10). Age
has become one of the factors of the score called Emphysema,
Age, Smoking, SIZE (EMPHASIZE) in predicting the presence
of clinically significant COPD and future morbidity (11). COPD
has the highest prevalence in the elderly and deserves special
consideration regarding treatment in this fragile population (9).
However, it remains unclear the impact of age on the COPD risk.

The thoracic cavity’s size decreases, limiting lung volumes and
altering the muscles that aid in respiration with adults aging (9).
The PFT result changes with the ages of both healthy people
and COPD patients. After birth, the lung tissue will continue
developing and growing to maturity. As a result, the alveoli and
the small blood vessels in the lung will increase exponentially,
and the lung volume will also become more extensive. The
median FEV; and FVC in the PFT increase with age from 6
to 18 years, which linearly change until the adolescent growth
spurt at about 10 years in girls and 12 years in boys (12). The
median FEV/FVC, first, decreases, then increases, and finally
decreases with age from 6 to 18 years (12). After the lungs
mature, the respiratory function of the lungs gradually declines
with aging. Previous research (13-18) shows that both the FEV,
and the FVC decline progressively with age increasing from 20
to 90 years of healthy lifelong non-smokers. The FVC and the
FEV; in patients with COPD also show a significant decrease
during a follow-up period of 4 years (19). The FEV; peaks
between the age of 20 and 36 years and declines with aging
(20). COPD prevalence is 2-3 times higher in people above
the age of 60 years (21, 22). The increased burden of COPD
seen in the elderly population may be due to age-associated
changes in the structure and function of the lung, increasing
the pathogenetic susceptibility to COPD (9). These changes,
described in elderly lifelong non-smokers, are characterized
by airspace dilatation resulting from loss of supporting tissue
without alveolar wall destruction, similar to changes seen with
COPD (9, 23). Therefore, it is necessary to evaluate COPD risk at
different stages with aging for precision medicine.

Compared with PFT, computed tomography (CT) has been
regarded as the most effective modality for characterizing and
quantifying COPD (24), for example, quantitatively analyzing
airway disease and emphysema in patients with COPD. Since
the concept of radiomics was formally proposed in 2012 (25),
radiomics of the chest CT images has been widely used for
the chemotherapy response prediction in non-small-cell lung
cancer (26) and pathology invasiveness prediction in patients
with solitary pulmonary nodules (27). Recently, radiomics also

has been used in COPD for survival prediction (28, 29),
COPD presence prediction (30), and the COPD exacerbations
(31). However, radiomics in COPD has not been extensively
investigated yet. Currently, there are only potential applications
of radiomics features in COPD for the diagnosis, treatment, and
follow-up of COPD and future directions (32). In particular, lung
radiomics features as an imaging biomarker that reflects the state
of lung parenchyma should be applied to COPD risk evaluation
for an early COPD risk decision.

In summary, our contributions in this study are briefly
described as follows:

e Four survival Cox models are established to evaluate
the COPD risk at different COPD stages based on lung
radiomics features;

e Earlier COPD risk decisions are made. The start age of the
COPD risk rank, which levels up every 5 years, is given for
the subjects who had suffered COPD or may suffer COPD at
different stages.

MATERIALS AND METHODS

This section mainly introduces the cohort (materials) and
research methods used in this study.

Materials

The ethics committee had approved this study of the National
Clinical Research Center of Respiratory Diseases in Guangzhou
Medical University, China. Chinese subjects were enrolled by the
China National Clinical Research Center of Respiratory Diseases
from May 25, 2009, to January 11, 2011.

Figure 1 shows the selection flow of the subjects, followed by
the inclusion and exclusion criteria (33). The 468 subjects who
met the inclusion criteria and the exclusion criteria underwent
HRCT scans (manufacturer: TOSHIBA, KVP: 120 kVp, X-ray
tube current: 40 mA, slice thickness: 1.0 mm, window center:
—600, and window width: 1,250) and PFT after using the
bronchodilator. All 468 subjects had been provided written
informed consent by the first affiliated hospital of Guangzhou
Medical University before chest HRCT scans and PFT. The
COPD stage is diagnosed from stages 0 to IV according to
(Global Initiative for Chronic Obstructive Lung Disease, GOLD)
2008 criteria accepted by the American Thoracic Society and the
European Respiratory Society.

Methods

A trained deep learning model ResU-Net automatically segments
the lung parenchyma images from the chest HRCT images. Then,
PyRadiomics automatically calculates the lung radiomics features
based on the lung parenchyma images. The 468 subjects are
divided into four groups A-D according to the COPD stages, and
the ages of 40-79 years are divided into eight equal age intervals
in each group. Each group includes the subjects suffering from
COPD stage 0 as the 1st subgroup. The 2nd subgroup of the four
groups includes the subjects suffering from COPD, stages I, 1I,
and ITI & IV, respectively. The Lasso model is individually applied
to select the lung radiomics features of the four groups. To predict
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( )
Chinese subjects were enrolled by China national clinical research
center of respiratory diseases, China from May 25, 2009 to January
‘ 11,2011

Inclusion criteria: meeting all the conditions (i) -(v), simultaneously

(i) Subjects with COPD or without COPD (including Stage 0* and healthy subjects)
according to GOLD 2008;

(ii) Provision of informed consent prior to any study-specific procedure;

(iii) Residents of Guangzhou area;

(iv) Men and women aged 40-79 years.

Inclusion criteria and exclusion criteria [33] | /

Exclusion criteria: meeting one of the conditions below
(i) Asthma defined by GINA 2008 in the absence of COPD symptoms or diagnosis;
(i) Significant disease or disorder** ;
(iii) Chronic respiratory failure including requirement for regular oxygen therapy;
(iv) A severe exacerbation of COPD defined as use of antibiotics and/or oral/
| systemic glucocorticosteroids or hospitalisation related to COPD worsening within
1 month prior;
(v) Participation in another study involving drug administration;
(vi) Blood donation (>500 mL) within 3 months;
(vii) Planned hospitalisation, or change of aintenance medication;
(viii) Start of new medication for COPD within 1 month prior;

Xz

468 subjects at the full inspiration state undergo HRCT scans
(i) COPD stage 0*: subjects n=130,male m=70;
(ii) COPD stage I: subjects n=109, male m=98;
(iii) COPD stage II: subjects n=122, male m=105;
(iv) COPD stage III: subjects n=74, male m=70;
(v ) COPD stage IV: subjects n=33, male m=33;

f@ Stage 0* (at risk of COPD) : chronic cough and sputum production are for at least 3 months in each of two consecutive years without any other condition explaining
the cough and a post-bronchodilator FEV1/FVC >0.7 and FEV1 >80% predicted.
Significant disease or disorder**: cardiovascular disease, pulmonary disease other than COPD, gastrointestinal disease, liver disease, renal disease, neurological
disease, musculoskeletal disease, endocrine disease, metabolic disease, malignant disease, psychiatric disease, major physical impairment which, in the opinion of the
investigator, may either put the subject at risk because of participation in the study, or influence the results of the study, or the subject’s ability to participate in the

\\study.

=

I’ Abbreviation: GINA: Global Initiative for Asthma.
-

J)

without COPD (stage 0).

FIGURE 1 | Subject selection flow diagram, finally recruiting 468 subjects suffering the chronic obstructive pulmonary disease (COPD) (stages |, II, Ill, and IV) and

the COPD risk probability of the four groups, the four survival
Cox models are constructed based on the selected lung radiomics
features by the Lasso model and their age intervals, generating
intuitive radiomics nomograms. The four COPD risk ranks are
defined by equally dividing the COPD risk probability from 0 to
1. Subsequently, the COPD risk at different stages is evaluated
with varying age intervals.

Figure 1 shows the overall block diagram of research methods
in this study, including the region of interest (ROI) segmentation
(refer to the “ROI segmentation” section), lung radiomics feature
calculation (refer to the “Lung radiomic features calculation”
section), and the COPD risk evaluation for an earlier COPD
decision (refer to the “COPD risk evaluation at different stages”
section).

Region of Interest Segmentation

Considering the overall change of lung status with aging, the lung
parenchyma, including left and right lungs, is taken as the ROI
in this study. The ResU-Net model trained by human chest CT
images (34) automatically segment the ROI with red color in
Figure 2A (size: 512 x 512 x N) from the chest HRCT images
(size: 512 x 512 x N), and the detailed architecture of ResU-Net
has been described in our previous study (35). All the ROI images
had been checked and modified by three experienced radiologists
in Shenzhen People’s Hospital and the First Affiliated Hospital
of Guangzhou Medical University. The trained ResU-Net model

can be downloaded from the website https://github.com/JoHof/
lungmask.

Lung Radiomics Feature Calculation

Figure 2B shows the lung radiomics feature calculation using
PyRadiomics (36). PyRadiomics is available on the website
https://pyradiomics.readthedocs.io/en/latest/index.html. Before
calculating the lung radiomics features from the ROI (lung
parenchyma) images, the ROI images with Hounsfield unit (HU)
should be extracted from the chest HRCT images by our previous
method (37). The original lung parenchyma images are the ROI
images with HU. The wavelet filter (38, 39) and Laplacian of
Gaussian (LoG) filter (40, 41) are applied to filter the original
ROI images, generating two kinds of derived ROI images. The
lung radiomics features are calculated based on the original and
derived lung parenchyma images by the preset classes shown in
Figure 2B. Finally, the 1,316 lung radiomics features for each
subject are obtained.

COPD Risk Evaluation at Different Stages

The four groups A-D with the lung radiomics features divide
according to their COPD stages, and the eight equal age
intervals divide from the age 40-79 years in each group. The
four groups A-D include the subjects at COPD stage 0 and
suffering from COPD, COPD stages 0 and I, COPD stages
0 and II, and COPD stages 0 and III & IV, respectively.
However, the advantages of optimal stability and accuracy of
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FIGURE 2 | Overall block diagram of the methods in this study. (A) Region of interest (ROI) segmentation, (B) Lung radiomics feature calculation, and (C) COPD risk
evaluation model.
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FIGURE 3 | Models A-D are established to evaluate the COPD risk based on the lung radiomics features.

the least absolute shrinkage and selection operator (Lasso) COPD risk of each group is evaluated by the survival Cox
model have been confirmed (42). It is applied to select the  model (43, 44) with the selected lung radiomics features and
lung radiomics features from 1,316 lung radiomics features.  age intervals.
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Figure 3 shows the four COPD risk evaluation models of
the four groups A-D, including the four groups and eight
age intervals (refer to the “The four groups and eight age
intervals” section), the lung radiomics feature selection by Lasso
model (refer to the “Lasso model for lung radiomic features
selection” section), and the COPD risk evaluation by the survival
Cox model (refer to the “Survival Cox model for COPD risk
evaluation” section).

The Four Groups and Eight Age Intervals

Four groups A-D are divided for predicting the COPD risk
from COPD stage 0 to suffering from COPD (COPD stages
I, II, and IIT & IV), stages I, II, and III & IV using survival
Cox models, respectively. Figure4A shows that all the four
groups A-D include the subjects who suffer from COPD stage
0 as the Ist subgroup (n = 130), and the 2nd subgroup in
the four groups A-D are the subjects who suffer from COPD
(I, II and III & IV, n = 338), I (n = 109), II (n = 122), and
III & IV (n = 107), respectively. The reference (19) has given
the conclusion that the FVC and FEV; in patients with COPD
also show a significant decrease during a follow-up period of
4 years. Therefore, the eight equal age intervals are divided
from 40 to 79 years in each group every 5 years. Figure 4B
shows that the ages from 40 to 79 years of the 468 subjects are

equally divided into eight age intervals. Figure 4C shows the
age distribution map of eight equal age intervals at different
COPD stages.

Lasso Model for Lung Radiomics Feature Selection
The standard R package lars (Lasso model) is applied separately
to select the lung radiomics features affecting the COPD stages
from the normalized lung radiomics features of the four groups.
A ten-fold cross-validation (a standard R package “cv. Lars”
with K = 10) is used to ensure the effectiveness of the
Lasso model.

The lung radiomics features of the four groups are normalized
by the Equation (1).

(1

x?} = (xy - xij)/ (xjmax - xjmin)

where, i = 1~468 (468 subjects), j = 1~1316 (1316 lung
radiomics features of each subject), x; is the ith row and jth
column of the 468 x 1,316 lung radiomics features, Xj, Xjmax> Xjmin

-

~

A Group D C
Group ( §
150 21
Group A Stage 0 e
= £ 2
8 ~ Stage | g 30
o oY & 3
« 100 = B Stage I >
Q ~— & 4
g == Stage & V|| £ 20
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50 _ 26
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Group B: COPDstage 0 | | T 8
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FIGURE 4 | Four groups A-D, eight equal age interval divisions, and the distribution map of the eight equal age intervals. (A) A distribution map of the four groups
A-D, (B) The eight equal age intervals from the age of 40 to 79 years, and (C) Another distribution map of the eight equal age intervals.
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TABLE 1 | The lung radiomics features of the four groups A-D selected by the Lasso model, respectively.

Lung radiomics features selected by Lasso Type of images Class Group A Group B Group C Group D
original_shape_Elongation Original images SHAPE features 4 4 N
original_shape_Maximum2DDiameterRow SHAPE features N VA N 4
original_shape_Maximum2DDiameterSlice SHAPE features J
original_shape_Sphericity SHAPE features J
original_shape_SurfaceVolumeRatio SHAPE features J J
original_firstorder_10Percentile FIRST features J
original_glszm_GraylLevelNonUniformityNormalized GLSZM features Vv
original_glszm_ZoneEntropy GLSZM features v v v
log.sigma.1.0.mm.3D_firstorder_Maximum Derived images FIRST features v v

generated from

LoG filter
log.sigma.1.0.mm.3D_glcm_ClusterProminence GLCM features v Vv
log.sigma.1.0.mm.3D_glrim_GrayLevelVariance GLRLM features J
log.sigma.1.0.mm.3D_glszm_SmallAreaEmphasis GLSZM features J
log.sigma.1.0.mm.3D_glszm_ZoneEntropy GLSZM features v
log.sigma.2.0.mm.3D_firstorder_Maximum FIRST features J
log.sigma.2.0.mm.3D_glszm_SmallAreaLowGrayLevelEmphasis GLSZM features J
log.sigma.2.0.mm.3D_ngtdm_Contrast NGTDM features v J
log.sigma.2.0.mm.3D_gldm_SmallDependencelowGraylLevelEmphasis GLDM features J
log.sigma.2.0.mm.3D_gldm_DependenceVariance GLDM features v
log.sigma.3.0.mm.3D_firstorder_10Percentile FIRST features v
log.sigma.5.0.mm.3D_firstorder_10Percentile FIRST features v VA N
log.sigma.5.0.mm.3D_firstorder_TotalEnergy FIRST features J
log.sigma.5.0.mm.3D_glrim_RunLengthNonUniformity GLRLM features J
log.sigma.5.0.mm.3D_glszm_SmallAreaEmphasis GLSZM features J
wavelet.LLH_glcm_ClusterTendency Derived images GLCM features v

generated from

wavelet filter
wavelet.LLH_glszm_GrayLevelNonUniformityNormalized GLSZM Features v
wavelet.LLH_glszm_LargeAreaLowGraylLevelEmphasis GLSZM features v
wavelet.LLH_glrim_GrayLevelNonUniformityNormalized GLRLM features 4
wavelet.LLH_firstorder_Mean FIRST features VA
wavelet.LLH_firstorder_RootMeanSquared FIRST features VA
wavelet.LHL_gldm_SmallDependencel.owGraylLevelEmphasis GLDM features J
wavelet.LHL_firstorder_Kurtosis FIRST features J J J
wavelet.HLH_glrim_ShortRunLowGrayLevelEmphasis GLRLM features J
wavelet.LLL_firstorder_10Percentile FIRST features J v J
wavelet.LLL_firstorder_Minimum FIRST features v v
wavelet.LLL _firstorder_TotalEnergy FIRST features J
wavelet.LLL_glcm_Imc2 GLCM features v v v

are the mean, the maximum, the minimum of each radiomics
featurex;, respectively.

Formula (2) is the Lasso model to select the normalized lung
radiomics features of the four groups, respectively.

2

n p P

Ay < arg min Z yi—Bo— Zﬁjx;; + )\Z i 1 @
i=1 j=1 j=0

where matrix Ay denotes the selected lung radiomics features,

k =1, 2, 3, 4 respectively denotes group A-D. x;; denotes each

group’s normalized lung radiomics features (the independent
variable). y; denotes each group’s COPD stage (the independent
variable). Especially, y; in group A denotes the COPD stage
0 and suffering COPD. \ denotes the penalty parameter (:
> 0). B; denotes the regression coefficient, ic[1, n], and

jelo, pl.

Survival Cox Model for COPD Risk Evaluation

The survival Cox model (45, 46), the standard R survival package
coxph, picks up the final selected lung radiomics features x of
the four groups from the selected lung radiomics features again,
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TABLE 2 | The final lung radiomics features of the four groups A-D selected from the survival Cox model, respectively.

Group Definition Lung radiomics features selected by survival Coef HR:exp(coef)/95%ClI Se(coef) z p-value
Cox

Group A Radiomics 1 original_shape_SurfaceVolumeRatio —0.396 0.673/ 0.531-0.853 0.121 -3.275 il
Radiomics 2 log.sigma.5.0.mm.3D_firstorder_TotalEnergy 0.316 1.372/1.056-1.783 0.134 2.369 *
Radiomics 3 wavelet.LLL_firstorder_Minimum —0.248 0.780/ 0.684-0.890 0.067 —3.693

Group B Radiomics 4 wavelet.LLH_glszm_LargeAreaLowGrayLevelEmphasis  0.414 1.512/1.137-2.012 0.146 2.838 >
Radiomics 5 wavelet.LLL _firstorder_Minimum —0.384 0.681/0.567-0.818 0.094 —4.106 o

Group C Radiomics 6 log.sigma.1.0.mm.3D_firstorder_Maximum 0.297 1.346/1.082-1.675 0.112 2.665 >
Radiomics 7 log.sigma.1.0.mm.3D_glszm_SmallAreaEmphasis —0.529 0.589/0.399-0.871 0.200 —2.651 =
Radiomics 8 log.sigma.5.0.mm.3D_firstorder_10Percentile —0.7350 0.479/0.336-0.685 0.182 —4.045 o
Radiomics 9 wavelet.LLH_firstorder_RootMeanSquared —0.230 0.794/0.640-0.985 0.110 —2.096 *
Radiomics 10 wavelet.LHL_firstorder_Kurtosis 0.529 1.697/1.214-2.373 0.172 3.091 *
Radiomics 11 wavelet.LLL_firstorder_10Percentile —1.085 0.338/0.223-0.513 0.213 —5.099

Group D Radiomics 12 original_shape_Maximum2DDiameterRow —-0.374 0.688/0.446-1.062 0.221 —1.689 .
Radiomics 13 original_firstorder_10Percentile —0.654 0.520/0.358-0.756 0.191 —3.428 o
Radiomics 14 log.sigma.1.0.mm.3D_glcm_ClusterProminence —-0.357 0.700/0.4905-0.9978 0.181 —1.972 *
Radiomics 15 log.sigma.1.0.mm.3D_glszm_ZoneEntropy 0.461 1.585/1.064-2.364 0.204 2.262 *
Radiomics 16 log.sigma.2.0.mm.3D_firstorder_Maximum 0.186 1.205/1.006-1.443 0.092 2.022 *

by statistically significant hazard ratio (HR). Then, the subjects
with the final selected lung radiomics features x are divided into
70 and 30%. Notably, 70% of the subjects train the survival Cox
models A-D by computing estimates of the survival functions,
drawing the nomograms A-D, respectively. Then, four survival
Cox models adopt the standard R rms package cph with the
significance level @ = 0.1. Finally, 30% of the subjects in each
group validate the performance of the four trained survival Cox
models, respectively. It is noted that the failure event time is the
age interval. The event indicator represents the COPD stage 0,
and the suffering COPD, stage I, stage II, and stage III & IV of the
four groups.

Equation (3) gives the survival probability formula of the
survival Cox model.

ME]x) = o) el ¥ (3)

where %o(t) denotes the baseline hazard function, A7x denotes
the log-risk function, which is the product of the probability
at each event time the event has occurred to the individual.
denotes the weights for optimizing the Cox partial likelihood.

Equation (4) converts the COPD survival probability to the
COPD risk probability.

Risk,-‘k =1 — (4)

where k = 1, 2, 3, 4 respectively denotes the group A-D, Risk;
denotes the ith COPD risk probability in the kth group, and
\jjk is the ith COPD survival probability in the kth group as
Equation (3).

Specifically, the COPD risk probability in group A is the
COPD stage 0 probability and suffering COPD probability. The

COPD risk probability in groups B-D is the COPD stage 0
probability and suffering COPD stage I probability, stage II
probability, and stage III & IV probability, respectively. After
calculating the COPD risk probability, each group’s COPD risk
probability is separated according to the COPD stages. Then,
the four COPD risk ranks (mild risk: 0-0.25, moderate risk:
0.25-0.50, severe risk: 0.50-0.75, and extreme risk: 0.75-1) are
defined by equally dividing the COPD risk probability from 0 to
1. Subsequently, the COPD risk is evaluated in the four groups at
different risk ranks and age intervals.

RESULTS

This section shows the final selected lung radiomics features,
radiomics nomograms, performance evaluation of the four
survival Cox models, scatter plots, and curves of COPD risk
probability of the four groups, respectively.

The Selected Lung Radiomics Features in
Groups A-D

Tables 1, 2 report the results of the selected lung radiomics
features by the Lasso model and the survival Cox model’s
final selected lung radiomics features of the four groups,
respectively. In Table1, the symbol ./ denotes the lung
radiomics features selected by the Lasso model. The weight
(coef), HR with 95% confidence interval (CI), and Wald’s
statistics (z) and significance (p-value) are also reported in
Table 2. The symbol in Table2 “***” denotes p-value <0.001,
“**” denotes p-value <0.01, “*” denotes p-value <0.05, and
“.” denotes p-value <0.1. For facilitating expression, the final
selected lung radiomics features are defined as Radiomics 1-16,
respectively. Radiomics 1-16 are used to construct the survival
Cox models.
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FIGURE 5 | Nomograms A-D of the survival Cox models (A-D), taking the 5th and 6th age interval for example.

Specifically, Radiomics 1-3 are the factors that affect the
COPD risk of the patients who have suffered from COPD with
aging. Radiomics 4-5, Radiomics 6-11, and Radiomics 12—
16 are the factors that affect the COPD risk of the patients
who had suffered the COPD stages I, II, III, and IV with
aging, respectively.

Radiomics Nomograms and Performance
Evaluation of Models A-D

Radiomics nomograms are pictorial representations depicting
the association between radiomics variables and the probability

of suffering COPD or different COPD stage events, providing an
intuitive way to interpret the survival Cox model (44).

Figure 5 shows four radiomics nomograms of the four models
A-D at the 5th and 6th age interval, respectively. The radiomics
nomograms of the four groups A-D further indicate the
importance of the final selected lung radiomics affecting COPD
with aging, respectively. The points of Radiomics X (X = 1,2,
...,16) show the importance of its group. For example, Figure 5A
indicates that Radiomics 2 is more critical than Radiomics 3
in nomogram-A. Figure 5B means that Radiomics 5 is more
important than Radiomics 4 in nomogram-B. Figure 5C shows
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FIGURE 6 | Receiver operating characteristic (ROC) curves and C index of the survival Cox model with groups A-D. (A) ROC curves and C index of the survival Cox
model with the groups A and B, (B) ROC curves and C index of the survival Cox model with groups A and C, (C) ROC curves and C index of the survival Cox model
with the groups A and D, and (D) ROC curves and C index of the survival Cox model with the groups B-D.

that the order of importance is Radiomics 10, Radiomics 9,
Radiomics 11, Radiomics 8, Radiomics 7, and Radiomics 6 in
nomogram-C. Figure 5D shows that the order of importance is
Radiomics 13, Radiomics 14, Radiomics 15, Radiomics 12, and
Radiomics 16 in nomogram-D.

Figure 6 reports the models A-D’s performances to illustrate
the effectiveness of the models. After verifying the effectiveness of
the models, Figure 7 intuitively reports the results of the COPD
risk probability at different age intervals predicted by models
A-D. Figure 8 further compares the COPD risk probability of
different COPD stages at different age intervals to illustrate the
impact of suffering COPD or the COPD stage on the COPD risk.
Finally, Figure 9 summarizes the results in Figure 8 to make an
earlier COPD risk decision for adults.

The four receiver operating characteristic (ROC) curves are
drawn to evaluate the models A-D’s performances. Figures 6A-C
show that the area under the curve (AUC, performance
measurement for classification) of model A (AUC = 0.87) is

higher than that of model B (AUC = 0.84), and the AUC of
the model C and the model D (model C: AUC = 0.94; model
D: AUC = 0.97) is higher than that of model A (AUC = 0.87).
Figure 6D shows that the AUC of the model D (model D: AUC
= 0.97) is higher than that of model B and model C (model B:
AUC = 0.84; model C: AUC = 0.89), and the AUC of the model
C is higher than that of model B. The concordance index (C
index, a standard performance metric for survival Cox analysis)
of model A (C index = 0.94) is higher than other models (model
B: C index = 0.83; model C: C index = 0.89; model D: C
index = 0.86).

COPD Risk Probability

Figure 7 shows the scattering plots of each group’s separated
COPD risk probability according to the COPD stages. Models
A-D predict the COPD risk probability at different age intervals
with 30% of the final selected lung radiomics features x.
Figure 7al-d1 show that the COPD risk probability of the

Frontiers in Medicine | www.frontiersin.org

April 2022 | Volume 9 | Article 845286


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Yang et al. Early COPD Risk Decision

A
(al) COPD stage 0 (without COPD) (a2)Suffering COPD (stage I, IL and II& IV)
1.5+ e 1 1.5+ e 1
z = 2 2 g 2 2
= g 8 5 0 8 8
: 55 % 8 -
SR 3 o . 8 1.0 L 8 o a
o < o @ Y
¥ > e © 2 % 4 s>
= 0.5+ 6 = 0.5 ¥ 8 ° 6
e 2 o 3 g g 2 3 o ] o 7
o) S & 9 Y o] S 8 o
o Sl 8 © S I'L ﬁ e 8
0.01—F—T—5 0.0 —§— L
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Age interval Age interval
B
(b1) COPD stage 0 (without COPD) (b2) COPD stage |
1.5+ o 1 1.5+
2 2 2 S 8
2 2 3 Q ~ 8 3
8 1.0 8 1.0 o 9
2 ° 4 o o 5 © o 4
a Q i =}
* e 5 % S % e 5
& 0.5 o 6 & 0.5 ® - e 6
% o 7 % of |e 7
© 5 e 8 © 5 e 8
0.0- T 0.0- T T T T
1 2 3 4 5 6 il 8 1 2 3 4 5 6 7 8
Age interval Age interval
C
(c1) COPD stage 0 (without COPD) (c2) COPD stage I
1.5+ o 1 1.5+ e 1
2 g e2|| & g B *2
3 - © 3 o = & g 3
8 1.0+ 3 8 1.0+ - 2 &
[ . e 4 ° o 9 ® ;' o 4
S =3 o S 8 0 5
3 g * 5| ¥ g 8 :
= 0.5 o o 6 = 0.5-] 0 ™ e 6
Q w -« N~ ¥ g 2 a S o b
& |2 B8 38 % e7| | & |8 88 E o
o S g S . - o s S o e 8
°-°'_$_|_‘?_‘§“_$ T oot L LI
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Age interval Age interval
D
1) COPD stage 0 (without COPD) (d2) COPD stage & IV
1.5+ LA 1.5+
«©
2 12 2 2 8
= 3 3 3 & ®
ol o a =
g 1.0 i Ré 1.0 © S -
a a S 8
~ e 5 > I50) e 5
2 e 6 2 8 e 6
a 0.5 o < ; 5 0.5 . o
o} 8 8 ° o o o ¥
© = o 8 il © . 8
0.0-9—7-2 0.0-+—5—¥— ¥
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Age interval Age interval
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respectively.
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FIGURE 8 | COPD risk probability curves with age increasing from COPD stages O to |, I, and Il & IV, respectively. (A) The COPD risk probability in group A, (B) the
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COPD stage 0 in the four groups significantly increases with
aging. Similarly, Figure 7a2-d2 also show that the COPD risk
probability of suffering COPD, stage I, stage II, and stage III &
IV in the four groups significantly increases with aging.

Figure 8 shows the curves of the COPD risk probability of
the four models A-D at different age intervals. The COPD risk
probability (mean with SD) of all the COPD stages 0, I, I, and
III & IV in the four groups significantly increases with aging.
Overall, the COPD risk probability of the patients who had
suffered the COPD, COPD stages I, II, and III & IV is higher than
that of subjects at COPD stage 0 in the four groups, respectively.

Figure 9 further shows the COPD risk probability curves of
the patients who had suffered the COPD and the subjects at the
COPD stage 0, respectively.

Figure 9A shows that the COPD risk of the patients who had
suffered the COPD stages I, II, and III & IV increases with aging.
Specifically, the 1st—4th age intervals of the patients who had

suffered from COPD, the COPD stages I, II, and III & IV are
basically at mild risk. In contrast, the 5th age interval of those
patients is at moderate risk, the 6th age interval of those patients
is at severe risk, and the 7th and 8 th age intervals of those patients
are at extreme risk.

Figure 9B shows that the COPD risk of subjects at COPD
stage 0 in the four groups increases with aging. Overall, in the
same age interval, the COPD risk of the subjects at the COPD
stage 0 reduces in order of suffering the COPD stages I, II, and
III & IV. The risk of those subjects who may suffer from COPD is
greater than that of COPD stages I, II, and III & IV with aging.
Similarly, the risk of those subjects who may suffer from the
COPD stage I is greater than that of the COPD stages Il and IIT &
IV with aging, and the risk of those subjects who may suffer from
the COPD stage II is greater than that of the COPD stage III &
IV with aging. Specifically, for the subjects with COPD stage 0,
the COPD risk of the 1st—5th age intervals in groups A and B
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FIGURE 9 | COPD risk probability curves with aging in the four groups A-D, respectively. (A) COPD risk probability curves of the patients who had suffered COPD,
COPD stages |, II, and Il & IV, and (B) COPD risk probability curves of subjects at COPD stage 0.

and 1st—6th age intervals in groups C and D are at mild risk. The
COPD risk of the 6th age interval in group A, the 6th and 7th
age intervals in group B, and the 7th age interval in groups C and
D are at moderate risk. The COPD risk of the 7th and 8th age
intervals in groups A and B and the 8th age interval in groups
C and D are at severe risk. The COPD risk of the subjects who
may suffer COPD stage I (10 years: the 6th and 7th age intervals)
develops slower than that of the subjects who may suffer the
COPD stages II and III & IV (5 years: the 7th age interval) in
the moderate risk rank. However, until the age of 79 years, the
COPD risk will not develop to the extreme risk rank.

DISCUSSION

In this study, four survival Cox models of the four groups A-D
are developed based on the lung radiomics features to evaluate
COPD risk at different stages for adults aged from 40 to 79 years,
providing a COPD risk decision for adults. All four survival
Cox models’ effectiveness has been evaluated. They are not only
effective in evaluating the risk of suffering from COPD (COPD
stages I, II, and III & IV) but also effective in more detailed
differentiation of COPD stages (COPD stages 0 and I, COPD
stages 0 and II, COPD stages 0 and III & IV).

The lung radiomics features, as an imaging biomarker
reflecting the lung structure (SHAPE radiomics features) and
lung tissue (the other radiomics features except for SHAPE),
are first used to evaluate COPD risk at different stages with
aging. Finally, independent features Radiomics 1-16, affecting
the COPD evolution from stage 0 to suffering COPD, COPD
stages I, II, and III & IV, are determined. Radiomics 1, 5, 10,
and 13 are the most direct risk features for COPD evolution
from stage 0 to suffering COPD, COPD stages I, II, and III &

IV, respectively. Our study discovers that different lung radiomics
features affect the COPD risk at different stages with aging. The
trends of COPD risk probability, which increase with aging, are
in line with the change law of the aging process in the lung (9, 13).

For the subjects who have suffered the COPD, COPD stages
L, II, and III & IV, our study discovers that although the COPD
risk increases with aging, each COPD risk rank of the patients
who had suffered from the COPD, COPD stages I, II, and III
& 1V, basically has the same age intervals. Therefore, age is not
only a point to distinguish the “young COPD” (young patients
with COPD aged <50 years) (47, 48) from the non-young COPD
but also it can distinguish different COPD risk ranks. No matter
which is COPD stage at, it is regarded as a relatively safe COPD
risk rank (the mild risk) before the age of 60 years. The law of
COPD risk ranks to level up with age has also been revealed for
the subjects after 60 years. The risk rank of these subjects levels up
every 5 years. Therefore, once the patients with COPD are above
60 years, they need to pay close attention to prevent the progress
and deterioration of COPD. If necessary, manual intervention
should be considered, including increasing appropriate practical
exercise (49) and COPD care treatment (50) in the hospital.

For the subjects at the COPD stage 0, the COPD risk which
may suffer the COPD, COPD stages I, II, and III & IV also
increases with aging. Our study discovers that the age intervals of
each COPD risk rank of the subjects who may suffer the COPD,
COPD stages I, 11, and III & IV, from the COPD stage 0 are
inconsistent. Age also can distinguish different COPD risk ranks.
It is a relatively safe COPD risk rank (the mild risk) of the subjects
who may suffer the COPD and the COPD stage I before the age
of 65 years. It is also a relatively safe COPD risk rank of subjects
who may suffer the COPD stages II and III & IV before the age
of 70 years. For the subjects at COPD stage 0, the risk rank of
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suffering COPD stage I levels up every 5 years after the age of 65
years, and the risk rank of suffering COPD stages II and IIT & IV
levels up every 5 years after the age of 70 years. Therefore, the age
of 65 years is the start age of the increased risk of the subjects who
may suffer the COPD stage I, and the age of 70 years is the start
age of the increased risk of the subjects who may suffer the COPD
stages IT and III & IV. Although the COPD risk cannot reach the
extreme risk rank, once the subjects with COPD stage 0 are above
65 or 70 years, they also need to take precautions against COPD.

There are some limitations of the methods and materials in
this study. First, the survival Cox model considers both events
and time, but it can only analyze two opposite events. At the same
time, the model itself has high requirements for the collinearity
of input data. Although we used the Lasso model to remove the
collinearity of the lung radiomics features, some valuable features
may be omitted. Then, there is a lack of subjects aged 40-50 years
in the COPD stage I and subjects aged 40-55 years in the COPD
stages III & IV. That is because relatively few people aged 40—
50 years who suffer from COPD stage I will go to the hospital
for treatment and undergo the CT scan, and few people suffer
the COPD stages III & IV at the age of 40-55 years. Finally,
although lung radiomics features have met the needs of COPD
risk evaluation, an improved deep learning survival Cox model
(45), with a deep feed-forward neural network, has also been
used to improve the model’s performance further. Regrettably,
the deep learning survival Cox model’s AUC and C index are
not enhanced. We believe that lung radiomics features with
quantitative CT parameters and/or clinical text data will improve
the model’s performance.

CONCLUSION

Four effective models are established to evaluate COPD risk from
COPD stage 0 to suffered COPD, COPD stages I, II, and III & IV,
respectively. The early COPD risk decision is made based on the
COPD risk results. The start age of the COPD risk rank, which
levels up every 5 years, is given for the subjects who had suffered
COPD or may suffer COPD at different stages. It concludes that
once the age is above 60 years, the patients with COPD need to
be paid close attention to prevent the progress and deterioration
of COPD, and once the age is above 65 years, the patients with
COPD stage 0 need to take precautions against COPD.

REFERENCES

1. GOLD 2021. Global Initiative for Chronic Obstructive Lung Disease (2021).

2. Virani A, Baltaji S, Young M, Dumont T. Chronic obstructive pulmonary
disease: diagnosis and GOLD Classification. Crit Care Nurs Q. (2021)
44:335. doi: 10.1097/CNQ.0000000000000335

3. Bender BG. Nonadherence to COPD Treatment: what have we learned
and what do we do next? Copd ] Chronic Obstruct Pulmon Dis. (2012)
12:880. doi: 10.3109/15412555.2012.679880

4. Baha A, Kokturk N. Physician’s attitude against COPD guidelines
and the choice of first-line treatment for COPD Respir Med. (2021)
176:106273. doi: 10.1016/j.rmed.2020.106273

5. Kronborg T, Hangaard S, Cichosz SL, Hejlesen O. A two-layer probabilistic

DATA AVAILABILITY STATEMENT

The lung radiomics features supporting the conclusions of this
article will be available with a reasonable request.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by National Clinical Research Centre of Respiratory
Diseases in Guangzhou Medical University, China. The
patients/participants provided their written informed consent to
participate in this study. Written informed consent was obtained
from the individual(s) for the publication of any potentially
identifiable images or data included in this article.

AUTHOR CONTRIBUTIONS

WL, HC, RC, and YK: conceptualization. YY, WL, YG, YL, and
QL: methodology. YY, KY, SW, NZ, and WD: software. WL, YG,
YL, and ZC: validation. YY, WL, HC, and XL: formal analysis.
YY, WZ, and XL: investigation. KY, HC, and XL: resources.
YY, WL, YG, YL, and ZC: data curation. YY: writing—original
draft. WL, YL, and YK: writing—review and editing. YY, YG,
QL, and SW: visualization. HC, RC, and YK: supervision. WL
and YK: project administration. WL, HC, RC, and YK: funding
acquisition. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by the Natural Science Foundation
of Guangdong Province, China (2019A1515011382), the Stable
Support Plan for Colleges and Universities in Shenzhen, China
(SZWD2021010), the Scientific Research Fund of Liaoning
Province, China (JL201919), and the National Natural Science
Foundation of China (62071311).

ACKNOWLEDGMENTS

The authors thank the Department of Radiology, the First
Affiliated Hospital of Guangzhou Medical University for
providing the dataset.

6. Crooks MG, den Brinker AC, Thackray-Nocera S, van Dinther R, Wright
CE, Morice AH. Domiciliary cough monitoring for the prediction of COPD
Exacerbations. Lung. (2021) 199:9859. doi: 10.1007/s00408-021-00435-9

7. Hassett DJ, Borchers MT, Panos R]. Chronic obstructive pulmonary disease
(COPD): Evaluation from clinical, immunological and bacterial pathogenesis
perspectives. ] Microbiol. (2014) 52:211-26. doi: 10.1007/s12275-014-
4068-2

8. Strassmann A, Guler M, Steurer-Stey C, Dalla Lana K, Carron T, Braun J,
et al. Nationwide implementation of the self-management program “Living
well with COPD”: process and effectiveness evaluation using a mixed-methods
approach - ScienceDirect. Patient Educ Couns. (2021) 6:18.

9. Lowery EM, Brubaker AL, Kuhlmann E, Kovacs EJ. The aging lung. Clin Interv
Aging. (2013) 8:1489. doi: 10.2147/CIA.S51152

model to predict COPD exacerbations for patients in telehealth. Comput Biol 10. Wen H, Xie C, Wang L, Wang E Wang Y, Liu X, et al. Difference in long-
Med. (2021) 128:104108. doi: 10.1016/j.compbiomed.2020.104108 term trends in COPD mortality between China and the US, 1992-2017:
Frontiers in Medicine | www.frontiersin.org 13 April 2022 | Volume 9 | Article 845286


https://doi.org/10.1097/CNQ.0000000000000335
https://doi.org/10.3109/15412555.2012.679880
https://doi.org/10.1016/j.rmed.2020.106273
https://doi.org/10.1016/j.compbiomed.2020.104108
https://doi.org/10.1007/s00408-021-00435-9
https://doi.org/10.1007/s12275-014-4068-2
https://doi.org/10.2147/CIA.S51152
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Yang et al.

Early COPD Risk Decision

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

an age-period-cohort analysis. Int | Environ Res Public Health. (2019)
16:1529. doi: 10.3390/ijerph16091529
Han MK, Tayob N, Kim V, Murray S, Barr G, Rennard SI, et

al. COPD: What IS. NEW IN. IMAGING? CT. emphysema
score  (EMPHysema, age, smoking, SIZE -  EMPHASIZE)
identifies  clinically ~ significant COPD. ATS. (2014) 14:315-21.

doi: 10.1164/ajrccm-conference.2014.189.1_MeetingAbstracts.A4336

Wang X, Dockery DW, Wypij D, Fay ME, Ferris BG. Pulmonary
function between 6 and 18 years of age. Pediatr Pulmonol. (2010) 15:75-
88. doi: 10.1002/ppul. 1950150204

Tan WC, Bourbeau ], Hernandez P, Chapman K, Cowie R, FitzGerald
M]J. et al. Canadian prediction equations of spirometric lung function
for Caucasian adults 20 to 90 years of age: results from the Canadian
Obstructive Lung Disease (COLD) study and the lung health canadian
environment (LHCE) study. Canad Respirat ] Canad Thorac Soc. (2016)
18:321. doi: 10.1155/2011/540396

Hankinson JL, Odencrantz JR, Fedan KB, Spirometric reference values from
a sample of the general U,S, population. Am ] Respir Crit Care Med. (1999)
159:179-87. doi: 10.1164/ajrccm.159.1.9712108

Gutierrez C, Ghezzo RH, Abboud RT, Cosio MG, Dill JR, Martin RR. et al.
Reference values of pulmonary function tests for Canadian. Caucasians Can
Respir J. (2004) 11:414-24. doi: 10.1155/2004/857476

Tan WC, Bourbeau J, FitzGerald JM, Cowie R, Chapman K, Hernandez P,
et al. Can age and gender explain the variation in COPD rates across large
urban cities? a population-study in Canada. Int ] Tubercul Lung Dis. (2011)
2:211. doi: 10.5588/ijtld.11.0211

Morris JE Koski A, Johnson LC. Spirometric standards for healthy
nonsmoking adults. Am Rev Respir Dis. (1971) 103:57-67.

Quanjer PH, Enright PL, Miller MR, Stocks ], Ruppel G, Swanney MP, et al.
The need to change the method for defining mild airway obstruction. Eur
Respir J. (2011) 37:720-2. doi: 10.1183/09031936.00135110

Cukic V, Lovre V, Ustamujic A. The changes of pulmonary function
in copd during four-year period. Materia Socio Medica. (2013) 25:88-
92. doi: 10.5455/msm.2013.25.88-92

Rossi A, Ganassini A, Tantucci C, Grassi V. Aging and the respiratory
system. Med Clin North Am. (1983) 67:419-31.

Buist AS, McBurnie MA, Vollmer WM, Gillespie S, Burney P, Mannino DM,
et al. BOLD Collaborative Research Group. international variation in the
prevalence of COPD (the BOLD Study): a population-based prevalence study.
Lancet. (2007) 370:741-50. doi: 10.1016/S0140-6736(07)61377-4

Fukuchi Y, Nishimura M, Ichinose M, Adachi M, Nagai A, Kuriyama T, et al.
COPD in Japan: the Nippon COPD epidemiology study. Respirology. (2004)
9:458-65. doi: 10.1111/j.1440-1843.2004.00637.x

Sharma G, Hanania NA, Shim YM. The aging immune system and its
relationship to the development of chronic obstructive pulmonary disease.
Proc Am Thorac Soc. (2009) 6:573-80. doi: 10.1513/pats.200904-022RM
Lynch D. Progress in Imaging COPD, (2004). - 2014. Chronic Obstruct Pulmon
Dis J Copd Found. (2014) 1:73. doi: 10.15326/jcopdf.1.1.2014.0125

Estépar RS. ], Kinney GL, Black-Shinn JL, Bowler RP, Kindlmann GL, Ross JC,
et al. Computed tomographic measures of pulmonary vascular morphology
in smokers and their clinical implications. Am J Respirat Critic Care Med.
(2013) 188. doi: 10.1164/rccm.201301-01620C

Lambin P, Rios-Velazquez E, Leijenaar R, Carvalho S, Van Stiphout RG,
Granton P, et al. Radiomics: Extracting more information from medical
images using advanced feature analysis. Euro. ]. Cancer: Offic. J. Euro. Organiz.
Res. Treat. Cancer. (2012) 12:36. doi: 10.1016/j.ejca.2011.11.036

Chang R, Qi S, Yue Y, Zhang X, Song J, Qian W. Predictive radiomic
models for the chemotherapy response in non-small-cell lung cancer
based on computerized-tomography images. Oncol.  (2021)
2021:2548. doi: 10.3389/fonc.2021.646190

Huang L, Lin W, Xie D, Yu Y, Cao H, Liao G, et al. Development
and validation of a preoperative CT-based radiomic nomogram to
predict pathology invasiveness in patients with a solitary pulmonary
nodule: a machine learning approach, multicenter, diagnostic
study. Euro Radiol. (2022) 2022:1983-96. doi: 10.1007/s00330-021-
08268-z

Au RC, Tan WC, Bourbeau J, Hogg JC, Kirby M. Impact of image
pre-processing methods on computed tomography radiomics features in

Front

30.

31.

32.

33.

34.

35.

36.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

chronic obstructive pulmonary disease. Phy Med Biol. (2021) 66:245015.
doi: 10.1088/1361-6560/ac3eac

Yun J, Cho Y H, Lee S M, et al. Deep radiomics-based survival prediction
in patients with chronic obstructive pulmonary disease. Sci Rep. (2021) 11:1-
9. doi: 10.1038/541598-021-94535-4

Au RC, Tan WC, Bourbeau ], Hogg JC, Kirby M. Radiomics Analysis
to Predict Presence of Chronic Obstructive Pulmonary Disease
Symptoms Using Machine Learning[M]//TP121. TP121 COPD: FROM
CELLS TO THE CLINIC. American Thoracic Soc. (2021) 2021:A4568-
A4568. doi: 10.1164/ajrccm-conference.2021.203.1_MeetingAbstracts.A4568
Liang C, Xu J, Wang E Chen H, Tang ], Chen D, et al. Development
of a Radiomics Model for predicting COPD Exacerbations Based on
Complementary Visual Information[M]//TP41. TP041 DIAGNOSIS AND
RISK ASSESSMENT IN COPD. American Thoracic Soc. (2021) 2021:A2296-
A2296. doi: 10.1164/ajrccm-conference.2021.203.1_MeetingAbstracts.A2296
Wu G, Ibrahim A, Halilaj I, Leijenaar RT, Rogers W, Gietema HA, et al. The
Emerging Role of Radiomics in COPD and Lung Cancer. Respiration. (2020)
99:1-9. doi: 10.1159/000505429

Hofmanninger J, Prayer E Pan J, Rohrich S, Prosch H, Langs G.
Automatic lung segmentation in routine imaging is a data diversity
problem, not a methodology problem. Euro Radiol Experiment. (2020) 4:1-
13. doi: 10.1186/s41747-020-00173-2

Yang Y, Li Q, Guo Y, Liu Y, Li X, Guo J, et al. Lung parenchyma parameters
measure of rats from pulmonary window computed tomography images based
on ResU-Net model for medical respiratory researches. Mathematic Biosci
Eng. (2021) 18:4193-4211. doi: 10.3934/mbe.2021210

Van Griethuysen JJ, Fedorov A, Parmar C, Hosny A, Aucoin N, Narayan V,
et al. Computational radiomics system to decode the radiographic phenotype.
Cancer Res. (2017) 77:€104-7. doi: 10.1158/0008-5472.CAN-17-0339

. Yang Y, Guo Y, Guo J, Gao Y, Kang Y. “A method of abstracting single

pulmonary lobe from computed tomography pulmonary images for locating
COPD;” In Proceedings of the Fourth International Conference on Biological
Information and Biomedical Engineering (2020), pp. 1-6.

Yang GZ, Hansell DM, CT. image enhancement with wavelet analysis for the
detection of small airways disease . Transact Med Imaging. (1997) 16:953-
61. doi: 10.1109/42.650893

Birring SS, Peake MD. Symptoms and the early diagnosis of lung cancer.
Thorax. (2005) 60:268-9. doi: 10.1136/thx.2004.032698
Neycenssac F.  Contrast ~Enhancement Using the
of-a-Gaussian  Filter. ~ Cvgip  Graphicmodelimage
55:447-63. doi: 10.1006/cgip.1993.1034

Shi Z, Bai ], He L, Nakamura T, Yao Q, Itoh H. “A method for enhancing
lung nodules in chest radiographs by use of LoG Filter[C]// (2009), In
2nd International Congress on Image and Signal Processing (New York, NY:
IEEE) (2009).

Tibshirani R. Regression shrinkage and selection via the lasso. J
Roy  Statistic  Soc ~ Series B (Methodological).  (2020)  58:267-
88. doi: 10.1111/j.2517-6161.1996.tb02080.x

Lin H, Zelterman D, Modeling Survival Data: Extending the Cox Model. New
York: Springer; (2000).

Liang W, Yao J, Chen A, Lv Q, Zanin M, Liu J, et al. Early triage of
critically ill COVID-19 patients using deep learning. Nature Commun. (2020)
11:1-7. doi: 10.1038/s41467-020-17280-8

Katzman JL, Shaham U, Cloninger A, Bates ], Jiang T, Kluger Y. DeepSurv:
personalized treatment recommender system using a Cox proportional
hazards deep neural network. BMC Med Res Methodol. (2018) 18:1-
12. doi: 10.1186/512874-018-0482-1

Cox  DR.  Regression  models and  life-tables. ]
Statistic Soc Series B (Methodological). (1972)
202. doi: 10.1111/j.2517-6161.1972.tb00899.x

Morice AH, Celli B, Kesten S, Lystig T, Tashkin D, Decramer
M. COPD in young patients: A pre-specified analysis of the
four-year trial of tiotropium (UPLIFT). Respiratory Med. (2010)
104:1659-67. doi: 10.1016/j.rmed.2010.07.016

Sanchez-Salcedo P, Divo M, Casanova C, Pinto-Plata V. de-Torres
JP, Cote C, et al. Disease progression in young patients with COPD:
rethinking the Fletcher and Peto model. Euro Respirat ]. (2014)
44:613. doi: 10.1183/09031936.00208613

Laplacian-

Process.  (1993)

Roy
34:187-

Frontiers in Medicine | www.frontiersin.org

April 2022 | Volume 9 | Article 845286


https://doi.org/10.3390/ijerph16091529
https://doi.org/10.1164/ajrccm-conference.2014.189.1_MeetingAbstracts.A4336
https://doi.org/10.1002/ppul.1950150204
https://doi.org/10.1155/2011/540396
https://doi.org/10.1164/ajrccm.159.1.9712108
https://doi.org/10.1155/2004/857476
https://doi.org/10.5588/ijtld.11.0211
https://doi.org/10.1183/09031936.00135110
https://doi.org/10.5455/msm.2013.25.88-92
https://doi.org/10.1016/S0140-6736(07)61377-4
https://doi.org/10.1111/j.1440-1843.2004.00637.x
https://doi.org/10.1513/pats.200904-022RM
https://doi.org/10.15326/jcopdf.1.1.2014.0125
https://doi.org/10.1164/rccm.201301-0162OC
https://doi.org/10.1016/j.ejca.2011.11.036
https://doi.org/10.3389/fonc.2021.646190
https://doi.org/10.1007/s00330-021-08268-z
https://doi.org/10.1088/1361-6560/ac3eac
https://doi.org/10.1038/s41598-021-94535-4
https://doi.org/10.1164/ajrccm-conference.2021.203.1_MeetingAbstracts.A4568
https://doi.org/10.1164/ajrccm-conference.2021.203.1_MeetingAbstracts.A2296
https://doi.org/10.1159/000505429
https://doi.org/10.1186/s41747-020-00173-2
https://doi.org/10.3934/mbe.2021210
https://doi.org/10.1158/0008-5472.CAN-17-0339
https://doi.org/10.1109/42.650893
https://doi.org/10.1136/thx.2004.032698
https://doi.org/10.1006/cgip.1993.1034
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1038/s41467-020-17280-8
https://doi.org/10.1186/s12874-018-0482-1
https://doi.org/10.1111/j.2517-6161.1972.tb00899.x
https://doi.org/10.1016/j.rmed.2010.07.016
https://doi.org/10.1183/09031936.00208613
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Yang et al.

Early COPD Risk Decision

49. Gloeckl R, Marinov B, Pitta F. Practical recommendations for exercise
training in patients with COPD. Euro Respirat Rev. (2013) 22:178-
86. doi: 10.1183/09059180.00000513

Lépez-Campos JL, Gallego EQ, Hernandez LC. Status of and strategies for
improving adherence to COPD treatment. Int ] Chronic Obstruct Pulmonary

Dis. (2019) 14:1503. doi: 10.2147/COPD.S170848

50.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yang, Li, Guo, Liu, Li, Yang, Wang, Zeng, Duan, Chen, Chen,
Li, Zhao, Chen and Kang. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Medicine | www.frontiersin.org

15

April 2022 | Volume 9 | Article 845286


https://doi.org/10.1183/09059180.00000513
https://doi.org/10.2147/COPD.S170848
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Early COPD Risk Decision for Adults Aged From 40 to 79 Years Based on Lung Radiomics Features
	Introduction
	Materials and Methods
	Materials
	Methods
	Region of Interest Segmentation
	Lung Radiomics Feature Calculation
	COPD Risk Evaluation at Different Stages
	The Four Groups and Eight Age Intervals
	Lasso Model for Lung Radiomics Feature Selection
	Survival Cox Model for COPD Risk Evaluation



	Results
	The Selected Lung Radiomics Features in Groups A–D
	Radiomics Nomograms and Performance Evaluation of Models A–D
	COPD Risk Probability

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


