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Pulmonary nodules are frequently detected radiological abnormalities in lung cancer screening.
Nodules of the highest- and lowest-risk for cancer are often easily diagnosed by a trained radiologist
there is still a high rate of indeterminate pulmonary nodules (IPN) of unknown risk. Here, we test the
hypothesis that computer extracted quantitative features (*radiomics”) can provide improved risk-
assessment in the diagnostic setting. Nodules were segmented in 3D and 219 quantitative features
are extracted from these volumes. Using these features novel malignancy risk predictors are formed
with various stratifications based on size, shape and texture feature categories. We used images and
data from the National Lung Screening Trial (NLST), curated a subset of 479 participants (244 for
training and 235 for testing) that included incident lung cancers and nodule-positive controls. After
removing redundant and non-reproducible features, optimal linear classifiers with area under the
receiver operator characteristics (AUROC) curves were used with an exhaustive search approach to find
a discriminant set of image features, which were validated in an independent test dataset. We identified
several strong predictive models, using size and shape features the highest AUROC was 0.80. Using
non-size based features the highest AUROC was 0.85. Combining features from all the categories, the
highest AUROC were 0.83.

Lung cancer is the largest cause of cancer death in the U.S. and globally'. The 5-year survival for patients diag-
nosed with a non-small cell lung carcinoma remains dismal at 21%, largely attributed to lack of early detection®.
The 5-year survival for early stage IA patients is 49%. In order to improve methods for early detection; the NLST
was a randomized clinical trial to compare low-dose computed tomography (LDCT) to standard chest X-ray
(CXR) for three annual screens in high-risk current or former smokers between 55 to 74 years of age with a smok-
ing history of at least 30 pack-years. The NLST enrolled 53,439 participants, of which 26,715 were randomized to
the LDCT arm®. According to the NLST protocol, “positive screens” were defined as identifying >1 non-calcified
nodules or masses measuring >4 mm in axial diameter or, less commonly, other abnormalities such as adenopa-
thy or pleural effusion. Nodule-positive screens were defined in the setting of abnormalities on baseline screens
or abnormalities on incidence screens that were new, stable, or that evolved. The latter was demonstrated by an
. increase in nodule size, consistency, or other characteristic potentially related to lung cancer. “Negative screens”,
which were not included in this analysis, were defined as scans with no confirmed or minor abnormalities not
: suspicious for lung cancer, or significant abnormalities not suspicious for lung cancer?. After a median follow
up of 6.4 years, the NLST showed a reduction in overall mortality up to 20% among individuals in the LDCT
arm compared to those screened with CXR*. These results of reduced mortality in the LDCT arm led recent US
Preventive Services Task Force recommendations of LDCT screening for high-risk individuals, despite concern
for a high false discovery rate®.
Despite the success of the NSLT and evolving national clinical guidelines for the management of pulmonary
nodules®”’, over detection remains a major concern as it can results in additional patient anxiety, work-up and treat-
ment incurring additional costs and morbidity®. In the NLST, among the positive LDCT screens (a nodule 4 mm or
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Cohort Identification Using Clinical Data
604 Patients
(204 Cancer cases, 400 Controls)

-

Cohort Convergence
(Imaging Matched with Clinical Data)
588 Patients
(196 Cancer cases, 392 Controls)

-

Nodule Verification by Consensus Read
479 Patients (166 Cancer cases, 313
Controls)

-

Patient Randomization
244 Patients for Training
(78 Cancer, 166 Control) and
235 Patients for Test/Validation
(88 Cancer, 147 Control)
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Figure 1. Systematic process followed in the study. (A) Cohort identification flowchart, (B) Quantitative imaging
(Radiomic) based predictor work flow, where N+/C+ indicate presence of a nodule that are confirmed to be
malignant, while N4-/C— indicate presence of a nodule but remains benign, following NLST inclusion criteria.

larger or a finding suspicious for lung cancer), 96.4% were false positives. Furthermore, in the NLST over 18% of all
lung cancers detected by LDCT have been reported to be indolent, diagnosed by secondary histological validation®.

One of the challenges in lung cancer screening with LDCT is the high rate of detection of indeterminate
pulmonary nodules (IPNs). Although the definitions of IPNs are clinically controversial, they are generally
non-calcified nodules (NCN) of intermediate size from 4 mm to 12 mm diameter. The most common method for
diagnosing malignancy is evidence of growth over two or more subsequent screen, nodule doubling times (based
on diameter or volume) has been shown to predict cancer status!®!!. Recently risk models based on nodule char-
acteristics, anatomical location, lifestyle factors has been shown to be predictors of malignancy'?-*. Development
of improved discrimination methods could assign risk and inform the need and timing for follow up scans for
definitive diagnosis. The clinical recommendation typically follows the consensus expert opinion and recently
published studies have provided some guidelines in the management of IPNs'*-'”. The challenge in managing
IPN’s coupled with slow adoption of quantitative metrics beyond size would potentially delay or possibly avoid
further invasive clinical follow-up such as biopsy.

In this study we performed a post hoc analysis using images and patient data from the NLST with an objective
to evaluate the use of quantitative imaging features (radiomics) as markers to predict cancer status of lung nod-
ules. We identified parsimonious set of features to build predictors on a training set of patients and independently
tested in a validation cohort of patients. The study also investigates performance of quantitative image based
predictors from various descriptor categories and sizes. Figure 1 illustrates the approach of this study.

Results

In this study 479 nodule-positive participants were randomly divided into training (78 cases and 166 controls)
and test sets (88 cases and 147 controls), see Tables 1 and 2. The mean age at randomization for the participants
in training set was 63.9 (standard deviation (o) = 5.2) years with a mean pack-years smoking history of 63.8
(0=25.2). For the test set, the mean age was 63.3 (0 =4.9) years with a mean smoking history of 61.8 (¢ =22.2)
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1 | Demographic Patients 244 78 166 235 88 147
Nodule Size Distribution
Indeterminate Size Range
(longest diameter): (4mm to 171 32 139 162 31 131
) 12mm)
Larger Size Range (longest
diameter): (>12mm to 56 38 18 54 46 8
30 mm)
Others (>30mm) 17 19
Age at Diagnosis (Yrs) (Mean
3| (D), Median) 63.9(5.2),64 | 64.4(5.4),645 |63.6(5.1),63 0.28 63.3(4.9), 63 63.3(4.7), 63.5 63.2(4.9),63 0.87
4 | Gender (Male:Female) 1.12 1 1.18 0.58 1.67 1.44 1.82 0.41
5 | Male, N 129 39 90 147 52 95
. Female, N 115 39 76 88 36 52
Ratio (Male/Female) 1.122 1 1.184 1.671 1.44 1.826
7 | Pack Years smoking (Mean 63.8(25.2),57 | 62.8(25.7),54.5 |64.2(24.9),58 0.67 61.8(22.1),555 | 62.5(22.2),61.5 | 61.4(22.1),54 0.71
(STD), Median) 6 180-2) . -
Race(White/Black/Native/ | y30/3/0/310 | 77/1/0/0/0 161/2/0/310 0.67 | 221730014 82/5/0/0/1 139/2/3/0/3
g Asian/Others), N 0.77
Race(White/Black/Native/ 97/1.23/0/1.23/0 | 98.7%/1.28/0/0/0 | 96.98/1.21/0/1.81/0 94/2.97/1.28/0/1.7 | 93.18/5.68/0/0/1.14 | 94.56/1.36/2.04/0/2.04
Asian/Others), Percent (%)
Smoke status (current/
9| formen). N (ratio) 130/114 (1.140) | 35/43 (0.813) 95/71 (1.338) 0.076 | 125/110(1.136) | 50/38 (1.315) 75/72 (1.042) 0.42

Table 1. Demographic information for the Train and test cohort used in the study (for more details referrer to
Supplemental Table S1). The p-values were computed using Students t test for continues variable and Fishers
exact test for categorical data.

GE Standard Lung/Bone
SIEMENS B30f B50f
PHILIPS C D
TOSHIBA FCO01/FC10 FC30/FC51

Table 2. Qualitative comparison of CT reconstruction kernel across scanner manufacturers.

pack-years. Participants were predominantly Caucasian with a sex ratio (male to female) of 1.12 in the training
set and 1.67 in the test set. The nodules diagnosed as lung cancer were larger in size compared to nodule positive
controls and the size distribution is shown in Supplemental Fig. SF3. Figure 2 shows six representative subjects’
pulmonary nodules with known malignancy status. Visually, other than size there are no distinct differences.

First, we used all 129 repeatable features without categorization to find the best 4 feature combinations by
exhaustively searching the feature space. Table 3 presents three sets of 4-dimensional features that were signifi-
cantly different between the lung cancer cases and nodule + controls (Supplemental Table S8). The top radiomic
candidates were from multiple categories, including size, shape, and texture, and yielded an average area under
the receiver operator characteristics (AUROC or AUC) of 0.83 [0.71, 0.94] for the training cohort. The addition
of clinical factors did not improve the predictions, yielding an average AUROC of 0.82 [0.68, 0.94]. The trained
predictor was then tested on the independent dataset, which yielded an average AUROC of 0.90 [0.89, 0.91], both
with and without clinical factors (Table 3). In this first search, features from different categories were mixed and
each of the features was equally likely to have been selected. Subsequently, features were categorized into three
broad categories, C1-C3, as described in Methods and the discriminatory analysis was repeated. Table 4 presents
the top four-dimensional discriminant features in each of the three categories that were significantly different
between the cases and controls. Among features in the size and shape category (C1), the best pair (shortaxis *
long diameter, short axis, density, rectangular fit) yielded an average AUROC of 0.80 [0.66, 0.91] in the training
cohortand 0.86 [0.84, 0.86] in the test set. Using location-co-occurrence-runlength-histogram category (C2), the
best features set (border to lung, relative-3D-voi-airspace, 3D-average-vol, avg. co-occurrence) yielded an average
AUROC of 0.85 [0.73, 0.95] in training cohort and 0.88 [0.87, 0.88] in test set. Among features in the texture cat-
egory (C3), the top feature set (based on wavelets and Laws based textures) yielded an average AUROC of 0.77 in
train cohort and 0.86 in the test set. These category-wise prediction analyses help us to evaluate the performance
in each of these individual groups. Detailed results are presented in Supplemental Tables S8 and S9.

In the next set of analyses, we focused on applying the image-based predictors in the nodule size range of 4 tol
2mm and in the large nodule size range of >12 to 30 mm. In the first analysis we used all categories of features
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Figure 2. Representative 2D slices of patient LDCT with 3D rendering of the pulmonary nodule of interest,
where each row corresponds to a patient (A) Patient with confirmed malignant nodule (B) Patients with benign
nodules, as reported by NLST.

restricted to nodules size of 4 to 12 mm, to predict cancer status (see Table 5). The top four-dimensional descrip-
tors were based on size, density and texture (mean HU, elliptic fit, volume, Laws) with an average AUROC of 0.75
in the training, and 0.78 for the test set. At a larger range >12 mm, the top pair of features were co-occurrence and
texture (avg cooc-contrast, wavelets-L2-7, wavelets-L2-10, wavelets-L2-25) with an average AUROC of 0.70 and
0.61 in the training and test cohorts, respectively.

The discrimination ability of these image features in two nodule size ranges was subsequently investigated
in each of the three feature categories (Table 6). The features in category C2 (border to lung, dist COG, rel-vol_
airspace, avg-Run-RP) yielded an average AUROC of 0.83 and 0.76 in the train and test cohorts, respectively.
Using the larger nodule size range (>12 to 30 mm), the most discriminant features were also in category C2
(co-occurrence, location, entropy and run-length features), which yielded an average AUROC of 0.67 and 0.68
for the testing and training sets, respectively. Figure 3 shows the AUROC of the top discriminant feature set along
with Net clinical benefit analysis for the various size ranges. While the longest diameter based predictor shows
lower range of AUROC compared to non-size based radiomic predictors. We evaluated the clinical benefit of the
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Size, Shape and (F3: ShortAx; F4: Mn-Hu; F26: EllipticFit;
Texture F176: 3D-Laws-127)

(F19: 10a-3D-Relat-Vol-Airspaces;F21:
Location, Texture 10c-3D-Av-Vol-AirSpaces;F22: 10d-3D-SD- | 0.83 [0.70,0.93] | 0.81,[0.67,0.92] | 0.87[0.86, 0.88] | 0.86 [0.85, 0.87]
Vol-AirSpaces; F201:3D-WaveP2-12-12)

(F19: 10a-3D-Relat-Vol-Airspaces;F34:

0.83[0.71,0.94] | 0.82,[0.68,0.94] | 0.90 [0.89,0.91] | 0.89 [0.88,0.9]

Location, Size,

Texture-Runlength Xolume-pxl;F37:Thickness-Px1;F48: 0.80, [0.65, 0.92] | 0.80, [0.68,0.89] | 0.89 [0.89,0.90] | 0.88 [0.869, 0.893
wvgGLN)
Longest Diameter 0.76, [0.62, 0.93] 0.85, [0.35,0.95]
Baseline
Volume 0.78 [0.63, 0.91] 0.87 [0.37, 0.96)

Table 3. Top images features discriminating cancer and benign nodules using image features across categories.
Statistical estimates were computed using cross validation (hold out) for training and tested, randomized
multiple times.

Size & Shape Features (17 Reproducible, Non-Redundant Features)

Radiomics: Size and Shape (F2: ShortAx-LongDia; F3: ShortAx;
F38: Length-Pxl; F32: RectangularFit)

Size and Shape (F2: ShortAx-LongDia; F3: ShortAx; F25: Density;
F32: RectangularFit)

0.80 [0.66,0.91] | 0.78,[0.651,0.92] | 0.86 [0.85,0.86] | 0.85,[0.84,0.86]

0.79, [0.65,0.90] | 0.79, [0.60,0.91] | 0.86, [0.85,0.86] | 0.84 [0.83,0.86]

Texture: Location, Co-occurrence, RunLength & Pixel HU. Histogram Features (25 Reproducible, Non-Redundant Features)

Location, Cooccurrence, Runlength (F9: 8b-3D-Bord-to-Lung;
F19: 10a-3D-Relat-Vol-Airspaces; F21: 10c-3D-Av-Vol-AirSpaces; | 0.85,[0.73,0.95] | 0.84,[0.71,0.94] | 0.88[0.87,0.88] | 0.87[0.87,0.88]
F42: AvgCoOc-Homo)

Location, Cooccurrence, Runlength (F27: Main-Direction; F185:
Hist-SD-L1; F186: Hist-Energy-L1; F187: Hist-Entropy-L1)

Texture: Laws & Wavelets Features (86 Reproducible, Non-Redundant Features)
Texture by wavelet & Laws (F72: 3D-Laws-14; F200:

3D-WaveP2-L2-11; F215: 3D-WaveP1-L2-26; F216: 0.761, [0.63,0.92] | 0.75,[0.54,0.87] | 0.79 [0.79,0.80] | 0.774[0.75,0.79]
3D-WaveP1-12-27)

Texture by wavelet and Laws (F143: 3D-Laws-94; F201:
3D-WaveP2-12-12; F214: 3D-WaveP1-1L2-25; F216: 0.774,[0.62,0.9] | 0.76,[0.61,0.9] 0.819 [0.82,0.83] | 0.804 [0.79, 0.82]
3D-WaveP1-1L2-27)

0.79,[0.59,0.93] | 0.77,[0.64,0.93] | 0.86 [0.84,0.87] | 0.85 [0.84, 0.86]

Table 4. Top image features discriminating cancer and benign nodules, using feature in each category (size
& shape, Texture: co-occurrence, runlength, pixel HU, Texture: wavelets & laws). Statistical estimates were
computed using cross validation (hold out), repeated multiple times.

radiomic feature predictors that were found in the classifier analysis and evaluated the effectiveness of these mark-
ers under each of the nodule size ranges. Using all size range of nodules, we found the clinical benefit of radiomic
prediction is better than clinical factors for a threshold of 20% or greater. These predictors show improvement
compared to the nodules longest diameter, in the threshold range of 40% or greater. We then considered the top
radiomic predictors in the indeterminate range (>4 to <12mm). Our analysis found distinct benefit of using
a radiomic based predictor compared to conventional size or clinical factors at a threshold of 10% or greater.
Among the larger nodule size range (>12 to <30 mm) there was a distinct clinical benefit compared to size metric
or clinical factors, beginning at a cutoff of 20% or greater.

Figure 4 shows the top discriminant feature’s performance of the indeterminate size range for different cate-
gories. The results for lower and middle range of nodules are also presented. Detailed prediction results are pre-
sented in Supplemental Tables S10 and S11. The longest diameter based predictor had an AUROC of around 0.76
[0.62, 0.93] for all range, 0.60 [0.28, 0.87] for intermediate size and 0.53 [0.05, 0.90] for larger size range.

Discussion

The management of pulmonary nodules is evolving clinical challenge with subjective clinical criteria, especially
for IPNs®”'”. Currently guidelines largely consider size and shape characteristics as the predictors of aggressive-
ness. Using this information along with clinical factors, there have been numerous studies that provide patient
level risk assessments!'8-2°. Recently, our group used radiological information to provide improved nodule charac-
terization?!. In the current study, we took a quantitative approach to extract repeatable, non-redundant radiomic
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Radiomics: Pixel-Hu, Size, Shape & Texture (F4: Mn-Hu;
F26: EllipticFit; F34: Volume-pxl; F172: 3D-Laws-123)

0.75, [0.39, 0.96]

0.74, [0.46, 0.97]

0.78, [0.76, 0.79].

0.75,[0.71,0.78]

Radiomics: Pixel-Hu, Shape, Size & Texture (F4: Mn-Hu;
F26: EllipticFit; F34: Volume-pxl; F138: 3D-Laws-89)

0.74,0.47,0.95]

0.73, [0.48, 0.96]

0.79[0.77,0.81]

0.759, [0.72, 0.79]

Baseline: Longest Diameter

0.595, [0.29, 0.87]

0.67, [0.17, 0.86]

Volume

0.589, [0.33,0.87]

0.68 [0.51, 0.69]

Range: >12 to 30 mm, All Categories (129 Reproducible, Non-Redundant Features)

Radiomics: Texture-Cooccurrence, Wavelets (F44:

Constrast; F204: 3D-WaveP2-12-15; F214: 3D-WaveP1-L2-25)

AvgCooC-Constrast; F196: 3D-WaveP2-L2-7; F199: 0.70, [0.24,0.96] | 0.69, [0.2, 0.95] 0.61,[0.51,0.65] | 0.65, [0.44, 0.65]
3D-WaveP2-1.2-10; F214: 3D-WaveP1-1.2-25)

Radiomics: Location, Texture by Cooccurence, Wavelets

(F17: 9f-3D-Min-Dist-COG-to-Border; F44: AvgCooC- 0.71,[0.37,0.97] | 0.545, [0.24,0.86] | 0.57,[0.50,0.6] | 0.55,[0.44, 0.65]

Baseline: Longest Diameter

0.53 [0.05, 0.90]

0.57, [0.56, 0.57]

Volume

0.57[0.07, 0.95]

0.65[0.34, 0.66]

Table 5. Top images features discriminating cancer and benign nodules across different size ranges, with mixed
image categories. Statistical estimates were computed using cross validation (hold out), randomized multiple times.

features and found combinations of the features in a multivariate setting to be different in cancerous nodules.
Our current analysis is an advanced and improved approach in quantifying the variations of the nodule regions
at a sub-voxel level to provide malignancy risk assessment. In order to compare with conventional knowledge,
we functionally divided the features into categories (C1: size/shape, C2: co-occurrence/run length/location, C3:
wavelet/Laws) and investigated the discriminatory ability within and across the groups and demonstrated that
adding texture features (non-size based metrics) improved cancer prediction and reduce false positives.

The current clinical management of pulmonary nodules is based on size, volume and doubling time, which
are shown to be prognostic*. In our analyses the best feature set in the shape and size category had an AUROC of
0.8 (Sensitivity or TPR of 0.44, Specificity or TNR of 0.93, see Table 4 and Supplemental Table S9). In comparison,
the best feature set in category 2 (C2: runlength/co occurrence/location) had an AUROC of 0.85 (Sensitivity of
0.54, Specificity of 0.91, see Table 4 and Supplemental Table S9), which showed an improvement of improvement
0f 6.3% in AUROC. The texture metrics have an equal or better predictive ability compared to conventional size
metrics. It also supports our hypothesis that adding textural information added to size and shape metrics will
improves predictions. We further restricted the nodules to two size ranges: indeterminate size (4 to <12 mm)
and intermediate sizes (>12 to 30 mm) and repeated the search for discriminant image features. Due to limited
nodule sizes the predictability of the image features showed a drop, compared whole range, with an the AUROC
of 0.75 using mixed features (mean-HU, elliptical fit, volume, laws), while for larger nodules (>12 mm) the aver-
age AUROC dropped to 0.71 (see Table 5 and Supplemental Table S10). In both these cases, the selected features
were dominated by non-texture metrics. Net benefit analyses shows improvement in disease discovery compared
to conventional size metrics at a range of cutoffs, allowing the clinical practioner to choose a level based on the
clinical context and acceptable false positive rate.

When features are grouped into size range followed by the category types, we found that texture defined by
run length/co-occurrence features performed well, even at the indeterminate size range (4 to 12 mm); the average
AUROC was 0.83 (see Table 6 and Supplemental Table S11). It is hypothesized that the malignant nodules have
patterns of density characteristics (heterogeneity) that are captured by the texture metrics; and that the solidity of
the nodule is captured by the mean-HU and finer texture by Laws features. In the above categorizations, textures
defined by run length/co-occurrence showed better discrimination compared to finer textures (wavelets and
Laws), possibility due to lower levels of inter-tumor variation. Wavelet functions parse the data in multiscale lev-
els by kernel convolution and extracting features in each of these scales describe underlying finer texture. These
metrics in medical imaging have shown utility in finding abnormal regions?, but their association to radiological
measurements are currently unknown. In the context of pulmonary nodules, adding texture metrics to conven-
tional size measure may certainly aid our ability to discriminate both in the indeterminate and full range of pul-
monary nodules. The size-based (longest diameter) predictors showed lower performance compared to radiomic
predictors in most size-based categories. In our study, patients were randomly split into train and test cohort, the
discriminator was formed in the train cohort and applied blindly on the test cohort. Due to limited sample size
coupled with diverse patients, it is possible that test AUROC could be better than the train AUROC.

Prior published work has been conducted to compare discrimination metrics to evaluate diagnostic tests;
and each presents a set of competing arguments**?. Though there is a lack of strict guidelines for the choices of
these approaches, each method has certain limitation on the usage that could be the needed guiding principle.
Over-fitting and sample size are two most critical factors that need to be considered before choice of a methods.
Many approaches and comparisons of discriminatory methods have been investigated®**. In our study we have
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i. Size and Shape Features (C1)

Radiomics: Size & Shape (F6: Vol-cm; F38: Length-Pxl; F40: Length-by-Width;
F41: Border-Leng-Pxl)

0.62,[0.415,0.811]

0.61,[0.39, 0.82]

0.71[0.68, 0.72]

0.66, [0.61, 0.69]

ii. Location, Co-occurrence, Run Length & Pixel HU. Histogram (C2)

Radiomics: Location, Cooccurrence, Runlength (F9: 8b-3D-Bord-to-Lung; F17:
9f-3D-Min-Dist-COG-to-Border; F19: 10a-3D-Relat-Vol-Airspaces; F55: AVvgRP)

0.83,[0.63,0.97]

0.81,[0.61,0.97]

0.764 [0.74,0.78]

0.665 [0.02, 0.67]

iii. Texture: Laws & Wavelets (C3)

Radiomics: Texture - Laws & Wavelet (F68: 3D-Laws-10; F201: 3D-WaveP2-12-12;
F214: 3D-WaveP1-L2-25; F216: 3D-WaveP1-12-27)

0.61,[0.27,0.89]

0.64, [0.40, 0.86]

0.649 [0.62, 0.66]

0.58,[0.53, 0.625]

Range: >12 to 30 mm (129 Reproducible, Non-Redundant Features)

i. Size & Shape Features (C1)

Radiomics: Size & Shape (F37: Thickness-Pxl; F41:Border-Leng-Pxl; F25: Density;
F26: EllipticFit)

0.71, [0.19, 0.96]

0.63, [0.25, 0.96]

0.79 [0.72, 0.83]

0.784, (0.70, 0.86]

ii. Location, Co-occurrence, Run Length & Pixel HU. Histogram (C2)

Radiomics: Location, Cooccurrence, Runlength
(F187: Hist-Entropy-L1; F188:Hist-Kurt-L1; F42: AvgCoOc-Homo; F48: AngLN)

0.67,[0.21, 0.96]

0.57,[0.19, 0.88]

0.68, [0.62,0.715]

0.659, [0.55,0.76]

iii. Texture: Laws & Wavelets (C3)

Radiomics: Texture-Laws & Wavelet (F196: 3D-WaveP2-12-7; F199:
3D-WaveP2-12-10; F214: 3D-WaveP1-12-25; F216: 3D-WaveP1-12-27)

0.76, [0.42, 0.97]

0.68 [0.28, 0.96]

0.591[0.55,0.61]

0.634[0.57, 0.68]

Table 6. Top images features discriminating cancer and benign nodules across different size ranges and
features with in each image categories. Statistical estimates were computed using cross validation (hold out),
randomized multiple times.

taken a conservative approach to choose a linear discriminatory model with an emphasis on the reproducibility of
the findings. In addition to rigorous cross validation approach a secondary independent validation was carried out.

Prior studies showed the importance of computer aided diagnosis and texture features in the context of lung
nodules?®?. Recently, Orizco et al.* used 19 texture features comprises of wavelets, co-occurrence and showed
accuracy of malignancy prediction to be 82% (sensitivity of 90.1%, specificity 73.9%, AUROC of 0.81) in a cohort
of 61 samples for training and 45 for testing. In comparison, we found lower level of sensitivity but relatively higher
specificity and AUROC (sensitivity: 39.5%, specificity: 93.6%, AUC 0.761 and test sensitivity of 39.8%, specificity
0f 93.2% and AUROC of 0.79), for predictor with mixed feature categories (size, texture). While there are some
studies that report AUROC of 92.7%?°!, in most of those cases the nodules ground truth was based on radiologi-
cal assessment, such as in the lung image database consortium (LIDC)*% In another reported cross-institutional
study®, used CT lung nodule cases from The Weill Cornell database (259 cases, 167 cancer, 92 controls) and NLST
study (477 cases, 245 cancer, 232 controls), which also compared different types of classifier models. The reported
feature model was based on 25 image features using the Support vector machines (SVM) with an AUROC of
0.73 in The Weill Cornell dataset, AUROC of 0.76 in NLST dataset and AUROC of 0.77 in combined (The Weill
Cornell and NLST) dataset. The reported image features are mixture of descriptors, based on curvature statistics,
margin gradient features, density and morphological features. In comparison, we report different combination of
non-texture and texture based features with comparable and superior AUROC performance (AUROC of 0.85).

Implementation differences across research groups and software packages still remain a major issue. Working
groups within the NCI Quantitative Imaging Network (QIN), RSNAs Quantitative Imaging Biomarker Alliance
(QIBA) and the Imaging Biomarker Standardization Initiative (IBSI) have undertaken community-wide efforts,
some with industry, to establish definitions for radiomic imaging metrics, and sources of variability**-*. Scanner
parameters, especially reconstruction kernel choices are critical choices that influence the radiomic metrics but
hard to control in a clinical setting, we have taken effort to grade the features by its variability and recommend
using ones that shows lower within group deviations.

Combined features. In this study, we used the most common risk factors in lung cancer”, including age,
sex, pack years smoked and smoking status. In most cases, the clinical models do not improve image based pre-
dictors. This could be attributed to the high baseline risk due to heavy smoker population in the NLST data. In
our study, the lung cancer case and nodule positive controls were epidemiologically matched followed by rand-
omization to form train and test cohorts to de-couple any unknown patient level effects.

Materials and Methods

Study cohort and protocol.  After execution of the Data Transfer Agreement (DTA) between the Moffitt
Cancer Center and National Cancer Institute, we downloaded LDCT images and patient data from the CDAS
(Cancer Data Access System) through the TCIA (The Cancer Imaging Archive) web portal. The study used
de-identified patient data, informed consent for retrospective analysis was waived, HIPPA Compliant (Health
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Figure 3. Comparison of area under receiver operator curves (AUC) and clinical net benefit curves using
radiomics image markers to predict cancer status in lung nodules with different sizes. (A) All size range, (B)
Indeterminate range (4 to 12mm), (C) larger range (>12 to 30 mm).

Insurance Portability and Accountability Act) and approved by the University of South Florida’s Institutional
Review Board (IRB), protocol MCC16763.

Nested study design.  We identified 196 screen-detected lung cancers in the LDCT arm of the NLST who
had a baseline positive screen that was not determined to be lung cancer and subsequently had a follow-up pos-
itive screen that was diagnosed as lung cancer in the first (N =104) or second (N =92) follow-up screen. Based
on the availability of complete LDCTs or an inability to verify nodule abnormality by the study radiologist (H.W,
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Figure 4. Comparison of area under receiver operator curves and clinical net benefit curves to predict cancer
status of lung nodules in the indeterminate range (4 to 12 mm) using different categories of Radiomic features:
(A) C1: Size & Shape, (B) C2: Run length & Co-Occurrence (C) C3: Texture (Wavelets & Laws).

Y.L), the 196 was reduced to 166 lung cancer cases that were used in this analysis. To create a test set and valida-
tion set from the 166 lung cancer cases, we randomly selected 78 subjects as the training set and the remaining 88
were used as the test or validation set. The cohort selection schema and design has been previously described?®.
Using a 2:1 to nested case-control study design, we identified 392 LDCT screening participants who had three
consecutive positive screens that were not diagnosed as lung cancer. These were designated as our nodule-positive
(+) controls and as such at respective time of diagnosis represent a participant with a nodule that is not can-
cer. The nodule + controls were frequency matched to the lung cancer cases, age at randomization (£5yrs), sex,
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race/ethnicity, smoking status, pack-years smoked (45 pack-yrs), and age quit among former smokers (£5yrs).
This design minimizes the influence of confounders between the cases and the nodule + controls, and thus, any
quantitative imaging features that differentiate cases and nodule + controls will not likely be attributed to external
risk factors. Additionally, the rationale for selecting nodule 4 as controls was that these individuals had the same
screening clinical characteristics as those who developed lung cancer. Based on the availability of complete LDCT
images and consensus to identify the nodules across time points, the original set of 392 nodule 4 controls were
reduced to 313. To create a test set and validation set from the 313 nodule + controls, we randomly selected 166
subjects as the training set and the remaining 147 were used as the test or validation set. The clinical characteristics
of the cohorts and the reconstruction kernel choices for LDCT are presented in Tables 1 and 2 and detailed scan-
ner parameters for the cohorts are presented in Supplemental Table S1. In our analysis, we added a randomization
step for selecting test and train cohort to avoid any patient level influence on the image based biomarker analysis.

Nodule identification and quantitative imaging features. The study radiologists with over 6 year
clinical experience (HW and YL) verified NLST radiologist provided location (slice number and anatomical
location) of nodules on the LDCT images. The control subjects determined as non-cancerous by NLST, could
have had either non-growing nodules or were pathologically verified as benign. The research radiologists used the
baseline scan to identify consensus abnormalities for nodule-positive controls. When multiple nodules were pres-
ent for participant, we used the largest nodule, measured by longest diameter to choose one nodule per patient,
our prior study describes the radiological aspects of the cohort®.

The locations of the nodules for the lung cancer cases and nodule(+4-) controls were verified by the radiologists
and were used to seed a semi-automated single click ensemble segmentation (SCES) algorithm*’ to segment and
render the nodule. These nodule boundaries were verified by the study radiologist. If the nodule was attached to
pleura or mediastinal wall, the semi-automated segmentation often resulted in improper boundary and was sub-
sequently altered based on the radiologists’ opinion. In prior work, we have shown ensemble of various segmen-
tation regions is superior to achieve most probable regions of interest in lung lesions*!. These regions may contain
all observable regional variations such as solid, part-solid ground-glass opacities (GGOs), and mixed cases. The
common segmentation issues encountered and consensus solutions that were followed in the study are enumer-
ated in Supplemental Table S2. Current tumor delineation challenges and the state of research have recently been
reviewed*?. From the segmented regions, 219 quantitative features were extracted with descriptors from three
broad categories. Category 1 (C1) features described the tumor region’s shape (e.g. ellipsoid, round) and size (e.g.
volume, diameter). Both of these feature categories are computer derived and hence, structured. In current radi-
ology practice, size based features (e.g. longest diameter) are captured as structured data, whereas other features
are not (e.g. spiculated, lobulated). These features also have direct relationships to the tumor dimensions (size and
shape) that are currently used in clinical practice. Category 2 (C2) features described regional and spatial textures,
such as run lengths, co-occurrence matrices, pixel histograms, and location. These features could be qualitatively
related to conventional radiological description such as non-homogeneous appearing nodules. Category 3 (C3)
features quantified more subtle textural variations described by wavelets and Laws based features**. These features
cannot be visualized by naked eye, but they do provide a finer ensemble measurement for the intra-tumor hetero-
geneity. These features are computed in the transformed domain by kernel functions. Supplemental Tables S3 and
$4 list the computer-generated feature categories and provide background descriptions.

Repeatable image features. Image features was filtered based on their repeatability, calculated from a
test-retest data from The Reference Image Database to Evaluate Therapy Response (RIDER)* dataset. In a prior
study***, we have shown that a subset of image features are repeatable in test-retest CT images obtained twice on
the same patient with in a short break (referred to as “coffee break” experiment), where the variability in patient
and scanning procedures was minimized. We used concordance correlation coefficient (CCC) between test and
re-test to filter features to quantify repeatability, which measures the variability from the absolute diagonal line.
Other metrics such as the inter-class concordance coefficient (ICC) and repeatability coefficient (RC) can be
utilized to quantify repeatability. The most common form of ICC measures the difference between two meas-
urements and the average difference over time. While the repeatability coefficient (RC) measure the bound for
the population, which is related to 95% limits of agreement on the true difference between measurements. In the
present study, we also interrogated features from known benign cases across all three time points to assess repeat-
ability. We set the CCC > 0.7 as limit on the repeatability, which resulted in 141 features from the initial set of 219.
Redundancy between features was quantified by computing the coefficient of determination (R?). The dependent
features within a given set with R* > 0.95 were combined into groups and replaced with one representative feature
from that group that had highest variability (dynamic range). The filtering steps resulted in 129 features, which
were considered to be repeatable and non-redundant in the data set.

CT scanner reconstruction kernels and influence on image features. In a recent study, the RIDER
data set was reconstructed at different imaging settings, varying slice thicknesses and reconstruction algorithms.
Reproducibility of the image features was assessed across the scanner variables and the test-retest scans across the
population. The authors found most image features were repeatable across different slice thickness. But the feature
variability between different reconstruction kernels seem to be very high*>.

CT scanner manufacturers use proprietary kernel functions to reconstruct images from the sinogram data
generated from multiple detectors within the scanner gantry. The optimization criteria for the reconstruction
algorithm were the generation of visually useful images for expert radiologists. Hence, there is a need to study the
effects of image reconstruction and slice thickness on the downstream analyses. Recently there have been some
published studies on the influence of scanner parameters on quantitative image features**-*°. The Radiological
Society of North America (RSNA)’s community effort led through the Quantitative Imaging Biomarker Alliance
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(QIBA) to understand the scanner kernel functions, make comparisons within and between CT manufacturers.
These differences may likely be tolerated by clinical radiologists as their interpretations are relatively immune to
the scanner parameter differences. In this study, we investigated the change in reconstruction parameter and its
effects on the prediction results. Supplemental Fig. SF2 shows the work flow designed for our current assessment
of the impact of reconstruction kernels on extracted features. There are scanner parameters, such as scanner tech-
nology/types, pitch, tube voltage, tube currents, field of view that may have some influence on the image descrip-
tors, but are not considered here, as they have recently been addressed in a related study®. To investigate the
effects of reconstruction kernel, we used an ad hoc approach to determine how this affected the predictive value
using one reconstruction to train and another to test. We assembled a cohort of 148 patient scans from the NLST,
that were each reconstructed with two different convolution kernels, described in Supplemental Table S5. We
evaluated the prediction variability for these training/testing paired kernel cohorts. We tested on these pairs of the
manufacturer kernels: Siemens 30 F/2 mm vs. Siemens 50 F/2 mm; and GE Standard/2.5 mm vs. GE Bone/2.5 mm.
Supplemental Tables S6 shows the difference in prediction AUROC values due to difference in two reconstruc-
tions of matched image pairs, along with feature descriptors.

It is interesting to note about 64.7% of size based features showed less than 5% variability in AUROC, and
76.5% of them showed less than 10% variability comparing Siemens reconstruction algorithms. On GE scanners,
there were 47.1% features that showed less than 5% variability and 82.4% features with less than 10% variability.
Similar proportions held for features defined by tumor location, run length, co-occurrences and pixel histogram
(46.2% features on Siemens and 42.3% features on GE had less than 5% variability). The texture defined by wave-
lets and Laws based texture features showed minimal change in AUROG, this is likely due to the fact that fea-
tures with-in group (cancer or normal) variability was so high that the discriminatory ability (cancer to normal)
of these features was lost. The differences in prediction performances (AUROC) are reported in Supplemental
Table S7. We found that there were sub set of features that can withstand scanner parameter variability.

Due to limited choices of consistent scanner types, we made a qualitative assessment of different scanners
following the recommendations by the study radiologists and used a comparable reconstruction kernels mapping
across manufacturers. Our choice was to find a scan from the same manufacturer scanner setting following the
choices in the table (‘followed choice), see Table 2).

Statistical analysis. We used optimal linear classifier model to discriminate benign from malignant nod-
ules in a cross validating setting®'. A hold out type error estimation procedure was followed with 80% of the
samples used for training and remaining for testing, the cross validation process was randomly repeated 200
times. The best four-feature sets were identified on the repeatable and non-redundant feature set, sorted based on
Youden’s J-Index. This allows selection of image features that are optimized for sensitivity, specificity. In multivar-
iate settings, using features that complement each other is expected to improve the discriminatory performance.
Numerous suboptimal methods have been proposed to find best set of features for a discriminatory problem,
some of the methods have been reviewed in the context of quantitative imaging®. Most often the discriminators
are referred to as a set of n-features or as n-dimension feature pair or features set. In our study we limited our
search to find not more than 4 features in multivariate setting, so as to avoid model over fitting. The training error
drops as number of features in the model increases, while the J-index tends to show upper trend as we approach
four features (see Supplemental Table S8a). The feature space was exhaustively searched taking all possible com-
binations at respective dimension. This will be close to optimal search for the given set of samples, for 129 features
the search space involves testing about 11 million sets of 4-dimensional features, optimized to run on a high per-
formance computing environment. There are several dimensionality reduction method proposed in the literate,
some of those claim to be close to optimal®***. In this first search, features from different categories were mixed
and they were equally likely to be selected. The reported features are the ones that performed best in the training
set and validate in the independent test set. At every feature set, different types of small sample error estimates
were computed (hold-out, leave one out, 10-fold, bootstrap cross-validation)*.

The top discriminating features set were tested on the independent test data that was not part of training
set. In a screening setting, the tradeoffs between sensitivity and specificity can be assessed with a decision curve
analysis. Typically, classifier optimizing is based on one of the metrics (like accuracy), which allows bias in either
false positive or negatives. The ability to find optimal features that perform on independent test samples relies on
optimizing both the false positives and false negative rates. Doing this using an AUROC approach allows finding
discriminant feature sets and provides the practitioners to identify optimal cutoff points. Statistical methods were
implemented as custom routines written in C/C+-+ and Matlab®. Our methodology and inference complies with
the recommendation by the TRIPOD® to the highest level of validation in an independent dataset.

In recent advancement there has been an emergence of prediction models, need for clinical translation has
seen development of net-benefit or cost of decision approaches®. In our analysis, we computed the net-benefit
of treatment in finding the true disease with range of cutofs, for the top performing radiomic predictor. These
models were contrasted with the most common clinical feature, longest diameter of the nodule.

Study workflow. In this study we investigated the performance of quantitative image features as a decision
support tool in the context of lung screening. Traditionally, size based features are routinely used as patient risk
assessment. As new texture based quantitative features are being proposed, it becomes imperative to compare the
discriminatory performance within and across sub-categories of features and nodule sizes. Following the moti-
vation, we grouped the features into categories that are contextually similar and we compared the performance
within and across categories. In the first section of reported results, we use all 129 of the repeatable features to find
best discriminant pair. Subsequent analyses used the top discriminant features, which were searched within all
three of the feature categories. We then repeated the analysis across different nodule size ranges in two groups: R1
(4-12mm) and R2 (>12mm) measured as longest diameter to minimize size bias in the results. We also report
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Figure 5. Analysis workflow followed in the study. The extracted features are filtered for reproducibility and
redundancy. The data is partitioned into three different sizes based on its longest diameter and further stratified
based on feature categories.

performance of clinically relevant univariate predictor formed using longest diameter and volume of the nodule
for different size range.

The NCCN lung cancer screening guidelines® and Lung-RADS’ are commonly utilized guidelines in the U.S
for the management of pulmonary nodules detected in the lung cancer screening setting. Both of these rec-
ommendations suggest size range for indeterminate pulmonary nodule between 4 to 8 mm with a solid nodule
density. If the nodule is part-solid, the longest diameter is suggested to go up to 10 mm. In our study, we included
both solid and part-solid components in the region of interest. Because boundary decisions for part-solid nodules
are commonly subjective with inter-observer segmentation ranges from 20 to 40%, we relaxed the size range for
the indeterminate size to go up to 12mm. This also allows us to obtain considerable samples for train/test cohort.
In our cohort there were 171 patients with nodules between 4 to 12 mm (in training). Figure 5 shows the analysis
workflow followed in the study.

Conclusion

In this study we show quantitative image features can discriminate benign from malignant pulmonary nodules.
These descriptors show better prediction of malignancy compared to lung cancer related clinical risk factors by
themselves in most settings. The non-size (texture) based quantitative features show better discrimination in
predicting cancer status. In addition, adding size based features to texture metrics help improve sensitivity/spec-
ificity (or reducing false positives) in predicting malignancy status of the pulmonary nodules. The clinical benefit
analysis demonstrates a clear improvement in decisions using radiomic feature based predictors.

References

1. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2018. CA: a cancer journal for clinicians 68, 7-30, https://doi.org/10.3322/
caac.21442 (2018).

2. Sharma, D., Newman, T. G. & Aronow, W. S. Lung cancer screening: history, current perspectives, and future directions. Arch Med
Sci 11, 1033-1043, https://doi.org/10.5114/a0ms.2015.54859 (2015).

3. Church, T. R. et al. Results of initial low-dose computed tomographic screening for lung cancer. N Engl ] Med 368, 1980-1991,
https://doi.org/10.1056/NEJMo0al209120 (2013).

4. Aberle, D. R. et al. Reduced lung-cancer mortality with low-dose computed tomographic screening. The New England journal of
medicine 365, 395-409, https://doi.org/10.1056/NEJMoal102873 (2011).

5. Blackmon, S. H. & Feinglass, S. R. The United States Preventive Services Task Force recommendations for lung cancer screening.
Thorac Surg Clin 25, 199-203, https://doi.org/10.1016/j.thorsurg.2014.12.004 (2015).

6. Wood, D. E. et al. Lung cancer screening, version 1.2015: featured updates to the NCCN guidelines. Journal of the National
Comprehensive Cancer Network: INCCN 13, 23-34; quiz 34 (2015).

7. ACR(The-American-College-of-Radiology). Lung CT Screening Reporting and Data System (Lung-RADS), https://www.acr.org/
Quality-Safety/Resources/LungRADS (2014).

8. Harris, R. P. et al. The harms of screening: a proposed taxonomy and application to lung cancer screening. JAMA Intern Med 174,
281-285, https://doi.org/10.1001/jamainternmed.2013.12745 (2014).

9. Patz, E. E.Jr. et al. Overdiagnosis in low-dose computed tomography screening for lung cancer. JAMA Intern Med 174, 269-274,
https://doi.org/10.1001/jamainternmed.2013.12738 (2014).

10. Horeweg, N. et al. Lung cancer probability in patients with CT-detected pulmonary nodules: a prespecified analysis of data from the
NELSON trial of low-dose CT screening. The Lancet. Oncology 15, 13321341, https://doi.org/10.1016/s1470-2045(14)70389-4
(2014).

11. Yankelevitz, D. E, Reeves, A. P., Kostis, W. ]., Zhao, B. & Henschke, C. I. Small pulmonary nodules: volumetrically determined
growth rates based on CT evaluation. Radiology 217, 251-256, https://doi.org/10.1148/radiology.217.1.r000c33251 (2000).

12. McWilliams, A. et al. Probability of Cancer in Pulmonary Nodules Detected on First Screening CT. New England Journal of Medicine
369, 910-919, https://doi.org/10.1056/NEJMoal214726 (2013).

SCIENTIFIC REPORTS |

(2019) 9:8528 | https://doi.org/10.1038/s41598-019-44562-z 12


https://doi.org/10.1038/s41598-019-44562-z
https://doi.org/10.3322/caac.21442
https://doi.org/10.3322/caac.21442
https://doi.org/10.5114/aoms.2015.54859
https://doi.org/10.1056/NEJMoa1209120
https://doi.org/10.1056/NEJMoa1102873
https://doi.org/10.1016/j.thorsurg.2014.12.004
https://www.acr.org/Quality-Safety/Resources/LungRADS
https://www.acr.org/Quality-Safety/Resources/LungRADS
https://doi.org/10.1001/jamainternmed.2013.12745
https://doi.org/10.1001/jamainternmed.2013.12738
https://doi.org/10.1016/s1470-2045(14)70389-4
https://doi.org/10.1148/radiology.217.1.r00oc33251
https://doi.org/10.1056/NEJMoa1214726

www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

39.

40.

41.

42.

43

44,

45.

46.

47.

48.

49.

50.

51.
52.

53.
54.

van Riel, S. J. et al. Malignancy risk estimation of screen-detected nodules at baseline CT: comparison of the PanCan model, Lung-
RADS and NCCN guidelines. European radiology 27, 4019-4029, https://doi.org/10.1007/s00330-017-4767-2 (2017).

Hawkins, S. et al. Predicting Malignant Nodules from Screening CT Scans. ] Thorac Oncol 11, 2120-2128, https://doi.org/10.1016/j.
jth0.2016.07.002 (2016).

Scholten, E. T. et al. Towards a close computed tomography monitoring approach for screen detected subsolid pulmonary nodules?
Eur Respir ] 45, 765-773, https://doi.org/10.1183/09031936.00005914 (2015).

Yankelevitz, D. F. et al. CT Screening for Lung Cancer: Nonsolid Nodules in Baseline and Annual Repeat Rounds. Radiology 277,
555-564, https://doi.org/10.1148/radiol.2015142554 (2015).

MacMahon, H. et al. Guidelines for Management of Incidental Pulmonary Nodules Detected on CT Images: From the Fleischner
Society 2017. Radiology, 161659, https://doi.org/10.1148/radiol.2017161659 (2017).

Gould, M. K. et al. Evaluation of individuals with pulmonary nodules: when is it lung cancer? Diagnosis and management of lung
cancer, 3rd ed: American College of Chest Physicians evidence-based clinical practice guidelines. CHEST Journal 143 (2013).
Tammemagi, M. C. et al. Selection criteria for lung-cancer screening. N Engl ] Med 368, 728-736, https://doi.org/10.1056/
NEJMoal211776 (2013).

White, C. S., Dharaiya, E., Campbell, E. & Boroczky, L. The Vancouver Lung Cancer Risk Prediction Model: Assessment by Using a
Subset of the National Lung Screening Trial Cohort. Radiology 283, 264-272, https://doi.org/10.1148/radiol.2016152627 (2017).
Liu, Y. et al. Radiological Image Traits Predictive of Cancer Status in Pulmonary Nodules. Clinical cancer research: an official journal
of the American Association for Cancer Research 23, 1442-1449, https://doi.org/10.1158/1078-0432.ccr-15-3102 (2017).

Mohamed Hoesein, F. A. A., de Jong, P. A. & Mets, O. M. Optimizing lung cancer screening: nodule size, volume doubling time,
morphology and evaluation of other diseases. Annals of Translational Medicine 3, 19, https://doi.org/10.3978/j.issn.2305-
5839.2014.11.18 (2015).

Balagurunathan, Y. et al. Test-retest reproducibility analysis of lung CT image features. J Digit Imaging 27, 805-823, https://doi.
0rg/10.1007/510278-014-9716-x (2014).

Powers, D. Evaluation: From Precision, Recall and F-Score to ROC, Informedness, Markedness & Correlation. Journal of Machine
Learning Technologies 2, 3763 (2011).

Hajian-Tilaki, K. Receiver Operating Characteristic (ROC) Curve Analysis for Medical Diagnostic Test Evaluation. Caspian Journal
of Internal Medicine 4, 627-635 (2013).

Frenandez-Delgado, M. C., Barro, E., Amorim, S. & Do, D. we need hundreds of classifiers to solve real world classification problems.
Journal of Machine Learning Research 15,3133-3181 (2014).

Kotsiantis, S. Supervised Machine Learning: A Review of Classification Techniques. Informatica 31, 249-268 (2007).

Goldin, J. G., Brown, M. S. & Petkovska, I. Computer-aided diagnosis in lung nodule assessment. ] Thorac Imaging 23, 97-104,
https://doi.org/10.1097/RT1.0b013e318173dd1f (2008).

Ganeshan, B. et al. Non-small cell lung cancer: histopathologic correlates for texture parameters at CT. Radiology 266, 326-336,
https://doi.org/10.1148/radiol. 12112428 (2013).

Madero Orozco, H., Vergara Villegas, O. O., Cruz Sanchez, V. G., Ochoa Dominguez Hde, ]. & Nandayapa Alfaro Mde, J. Automated
system for lung nodules classification based on wavelet feature descriptor and support vector machine. Biomedical engineering online
14, 9, https://doi.org/10.1186/s12938-015-0003-y (2015).

Han, F. et al. Texture feature analysis for computer-aided diagnosis on pulmonary nodules. J Digit Imaging 28, 99-115, https://doi.
org/10.1007/s10278-014-9718-8 (2015).

Armato, S. G. 3rd et al. The Lung Image Database Consortium (LIDC) and Image Database Resource Initiative (IDRI): a completed
reference database of lung nodules on CT scans. Medical physics 38, 915-931, https://doi.org/10.1118/1.3528204 (2011).

Reeves, A. P, Xie, Y. & Jirapatnakul, A. Automated pulmonary nodule CT image characterization in lung cancer screening.
International journal of computer assisted radiology and surgery 11, 73-88, https://doi.org/10.1007/s11548-015-1245-7 (2016).

. QIBA-CT-Volumetrics. <gibawiki.rsna.org/images/8/81/VolCT-Group1C_Strawman20090506.ppt (2009).
. Kalpathy-Cramer, J. et al. A Comparison of Lung Nodule Segmentation Algorithms: Methods and Results from a Multi-institutional

Study. Journal of digital imaging, 1-12 (2016).

. Zwanenberg, A., Leger, S., Valliers, M. & Loeck, S. Image Biomarker Standardisation Initiative. arXiv:1612.07003v5, 2017).
. CDC. Lung Cancer Screening Guidelines and Recommendations, https://www.cdc.gov/cancer/lung/pdf/guidelines.pdf (2014).
. Schabath, M. B. et al. Differences in Patient Outcomes of Prevalence, Interval, and Screen-Detected Lung Cancers in the CT Arm of

the National Lung Screening Trial. PloS one 11, €0159880, https://doi.org/10.1371/journal.pone.0159880 (2016).

Liu, Y. et al. Radiologic Features of Small Pulmonary Nodules and Lung Cancer Risk in the National Lung Screening Trial: A Nested
Case-Control Study. Radiology 286, 298-306, https://doi.org/10.1148/radiol.2017161458 (2018).

Schonmeyer, R. et al. Cognition Network Technology prototype of a CAD system for mammography to assist radiologists by finding
similar cases in a reference database. Int ] Comput Assist Radiol Surg 6, 127-134, https://doi.org/10.1007/s11548-010-0486-8 (2011).
Gu, Y. et al. Automated Delineation of Lung Tumors from CT Images Using a Single Click Ensemble Segmentation Approach.
Pattern Recognit 46, 692-702, https://doi.org/10.1016/j.patcog.2012.10.005 (2013).

Mansoor, A. et al. Segmentation and Image Analysis of Abnormal Lungs at CT: Current Approaches, Challenges, and Future Trends.
Radiographics 35, 1056-1076, https://doi.org/10.1148/rg.2015140232 (2015).

. Balagurunathan, Y. et al. Reproducibility and Prognosis of Quantitative Features Extracted from CT Images. Transl Oncol 7, 72-87

(2014).

Zhao, B. et al. Evaluating Variability in Tumor Measurements from Same-day Repeat CT Scans of Patients with Non-Small Cell
Lung Cancer. Radiology 252, 263-272, https://doi.org/10.1148/radiol.2522081593 (2009).

Zhao, B. et al. Reproducibility of radiomics for deciphering tumor phenotype with imaging. Scientific Reports 6, 23428, https://doi.
org/10.1038/srep23428 (2016).

Stoel, B. C. et al. Comparison of the sensitivities of 5 different computed tomography scanners for the assessment of the progression
of pulmonary emphysema: a phantom study. Investigative radiology 39, 1-7, https://doi.org/10.1097/01.r1.0000091842.82062.a3
(2004).

Gavrielides, M. A., Zeng, R,, Kinnard, L. M., Myers, K. J. & Petrick, N. Information-theoretic approach for analyzing bias and
variance in lung nodule size estimation with CT: a phantom study. IEEE Trans Med Imaging 29, 1795-1807, https://doi.org/10.1109/
tmi.2010.2052466 (2010).

He, X,, Sahiner, B., Gallas, B. D., Chen, W. & Petrick, N. Computerized characterization of lung nodule subtlety using thoracic CT
images. Phys Med Biol 59, 897-910, https://doi.org/10.1088/0031-9155/59/4/897 (2014).

Mackin, D. et al. Measuring Computed Tomography Scanner Variability of Radiomics Features. Investigative radiology 50, 757-765,
https://doi.org/10.1097/r1i.0000000000000180 (2015).

Shafiq-Ul-Hassan, M. et al. Intrinsic dependencies of CT radiomic features on voxel size and number of gray levels. Med Phys 44,
1050-1062, https://doi.org/10.1002/mp.12123 (2017).

Dougherty, E. Random process for image and signal processing. (SPIE Optical Engineering Process, 1999).

Parmar, C., Grossmann, P., Bussink, J., Lambin, P. & Aerts, H. J. W. L. Machine Learning methods for Quantitative Radiomic.
Biomarkers. Scientific Reports 5, 13087, https://doi.org/10.1038/srep13087 (2015).

Friedman, J. H., Tibshirani, R. & Hastie, T. The Elements of Statistical Learning. (Springer, 2008).

Cover, T. & Thomas, J. Elements of Information Theory. (Wiley & Sons, New York., 2006).

SCIENTIFICREPORTS| (2019) 9:8528 | https://doi.org/10.1038/s41598-019-44562-z 13


https://doi.org/10.1038/s41598-019-44562-z
https://doi.org/10.1007/s00330-017-4767-2
https://doi.org/10.1016/j.jtho.2016.07.002
https://doi.org/10.1016/j.jtho.2016.07.002
https://doi.org/10.1183/09031936.00005914
https://doi.org/10.1148/radiol.2015142554
https://doi.org/10.1148/radiol.2017161659
https://doi.org/10.1056/NEJMoa1211776
https://doi.org/10.1056/NEJMoa1211776
https://doi.org/10.1148/radiol.2016152627
https://doi.org/10.1158/1078-0432.ccr-15-3102
https://doi.org/10.3978/j.issn.2305-5839.2014.11.18
https://doi.org/10.3978/j.issn.2305-5839.2014.11.18
https://doi.org/10.1007/s10278-014-9716-x
https://doi.org/10.1007/s10278-014-9716-x
https://doi.org/10.1097/RTI.0b013e318173dd1f
https://doi.org/10.1148/radiol.12112428
https://doi.org/10.1186/s12938-015-0003-y
https://doi.org/10.1007/s10278-014-9718-8
https://doi.org/10.1007/s10278-014-9718-8
https://doi.org/10.1118/1.3528204
https://doi.org/10.1007/s11548-015-1245-7
https://www.cdc.gov/cancer/lung/pdf/guidelines.pdf
https://doi.org/10.1371/journal.pone.0159880
https://doi.org/10.1148/radiol.2017161458
https://doi.org/10.1007/s11548-010-0486-8
https://doi.org/10.1016/j.patcog.2012.10.005
https://doi.org/10.1148/rg.2015140232
https://doi.org/10.1148/radiol.2522081593
https://doi.org/10.1038/srep23428
https://doi.org/10.1038/srep23428
https://doi.org/10.1097/01.rli.0000091842.82062.a3
https://doi.org/10.1109/tmi.2010.2052466
https://doi.org/10.1109/tmi.2010.2052466
https://doi.org/10.1088/0031-9155/59/4/897
https://doi.org/10.1097/rli.0000000000000180
https://doi.org/10.1002/mp.12123
https://doi.org/10.1038/srep13087

www.nature.com/scientificreports/

55. Hua, J. et al. Normalization benefits microarray-based classification. EURASIP ] Bioinform Syst Biol, 43056, https://doi.org/10.1155/
bsb/2006/43056 (2006).

56. Collins, G. S., Reitsma, J. B., Altman, D. G. & Moons, K. G. Transparent Reporting of a multivariable prediction model for Individual
Prognosis or Diagnosis (TRIPOD): the TRIPOD statement. Annals of internal medicine 162, 55-63, https://doi.org/10.7326/m14-
0697 (2015).

57. Vickers, A. . et al. Impact of recent screening on predicting the outcome of prostate cancer biopsy in men with elevated prostate-
specific antigen: data from the European Randomized Study of Prostate Cancer Screening in Gothenburg, Sweden. Cancer 116,
2612-2620, https://doi.org/10.1002/cncr.25010 (2010).

Acknowledgements

We convey our gratitude to our Radiomics team at Moffitt/USF for the stimulating discussions during the course
of the project. We convey sincere thanks to our imaging assistant Alberto Garcia, who helped organize the data
and assist with the CAD imaging tools for the project. We would like to thank our funding agencies (NCI 1U01
CA 143062-01, State of Florida James and Esther King Biomedical Grant 2KT01) support for the project.

Author Contributions
Y.B. and M.B.S. Data collection, curation. H-W. and Y.L. Radiological evaluation and scan assessment. Y.B.
Statistical methods and image analytics. Y.B., M.B.S. and R.J.G. Presentation of findings and Manuscript writing.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44562-z.

Competing Interests: Y.B., M.B.S., H.W. and Y.L. None to disclose. R.J.G. Investor in Health Myne Imaging
systems.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:8528 | https://doi.org/10.1038/s41598-019-44562-z 14


https://doi.org/10.1038/s41598-019-44562-z
https://doi.org/10.1155/bsb/2006/43056
https://doi.org/10.1155/bsb/2006/43056
https://doi.org/10.7326/m14-0697
https://doi.org/10.7326/m14-0697
https://doi.org/10.1002/cncr.25010
https://doi.org/10.1038/s41598-019-44562-z
http://creativecommons.org/licenses/by/4.0/

	Quantitative Imaging features Improve Discrimination of Malignancy in Pulmonary nodules

	Results

	Discussion

	Combined features. 

	Materials and Methods

	Study cohort and protocol. 
	Nested study design. 
	Nodule identification and quantitative imaging features. 
	Repeatable image features. 
	CT scanner reconstruction kernels and influence on image features. 
	Statistical analysis. 
	Study workflow. 

	Conclusion

	Acknowledgements

	Figure 1 Systematic process followed in the study.
	Figure 2 Representative 2D slices of patient LDCT with 3D rendering of the pulmonary nodule of interest, where each row corresponds to a patient (A) Patient with confirmed malignant nodule (B) Patients with benign nodules, as reported by NLST.
	Figure 3 Comparison of area under receiver operator curves (AUC) and clinical net benefit curves using radiomics image markers to predict cancer status in lung nodules with different sizes.
	Figure 4 Comparison of area under receiver operator curves and clinical net benefit curves to predict cancer status of lung nodules in the indeterminate range (4 to 12 mm) using different categories of Radiomic features: (A) C1: Size & Shape, (B) C2: Run 
	Figure 5 Analysis workflow followed in the study.
	Table 1 Demographic information for the Train and test cohort used in the study (for more details referrer to Supplemental Table S1).
	Table 2 Qualitative comparison of CT reconstruction kernel across scanner manufacturers.
	Table 3 Top images features discriminating cancer and benign nodules using image features across categories.
	Table 4 Top image features discriminating cancer and benign nodules, using feature in each category (size & shape, Texture: co-occurrence, runlength, pixel HU, Texture: wavelets & laws).
	Table 5 Top images features discriminating cancer and benign nodules across different size ranges, with mixed image categories.
	Table 6 Top images features discriminating cancer and benign nodules across different size ranges and features with in each image categories.




