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Abstract

Rationale—Lung-RADS is proposed for the Low-dose computed tomography (LDCT)
interpretation in lung cancer screening, but its performance needs to be further evaluated.

Objectives—To compare the value of radiological semantic features and lung-RADS in
predicting nodule malignancy risk at different screening rounds, and to investigate whether the
predictive power of lung-RADS could be improved by incorporating semantic features.

Methods—A training cohort of 199 patients (139 benign and 60 cancerous nodules diagnosed at
the third screening round), and a testing cohort of 80 patients (40 benign and 40 malignant
nodules) were obtained from the National Lung Screening Trial dataset. A multivariate linear
predictor model was built based on the 24 systematically scored semantic features, and the
performances were compared to lung-RADS (scale 3 or above called positive).

Measurements and Main Results—Among the semantic features, contour and border
definition were the top individual predictors. The average area under the receiver-operating
characteristic curve (AUC) of border definition at baseline (TO) was 0.724. The average AUC of
contour at first (T1) and second follow-up (T2) were 0.843 and 0.878, respectively. Other
significant features included size, location, vessel attachment, solidity, focal emphysema and focal
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fibrosis. In comparison, the average AUC of lung-RADS at TO, T1 and T2 were 0.600, 0.760 and
0.867, respectively, and could be improved to 0.743, 0.887 and 0.968 by adding semantic features.

Conclusion—The semantic features performed similar to lung-RADS at follow-ups,
outperformed lung-RADS at baseline, and could improve the performance of lung-RADS for all
screening rounds.

semantic features; lung-RADS; NLST; predictive

1. Introduction

Lung cancer is the leading cause of cancer death both in the US and the rest of the world (1-
3). Until recently, no screening method has been shown to help decreasing lung cancer
mortality rates. The National Lung Screening Trial (NLST) found a 20% reduction in lung
cancer mortality for participants screened with low-dose computed tomography (LDCT)
versus standard chest radiography (4). However, high-false positive rates and overdiagnosis
are limitations of screening with LDCT. Across the three rounds of screening in NLST,
96.4% of the positive detections were not cancerous (4), as evaluated with further imaging or
invasive procedures. The consequence of the false detection includes increased use of
medical resources, additional radiation exposure, complications arising from invasive
procedures and patient anxiety. Therefore, it is critical to develop reliable image markers that
can predict nodule malignancy.

In the NLST, a positive screen criterion was based solely on nodule size, that is, a hon-
calcified nodule of 4mm or greater in any diameter. Subsequent studies have proposed that
raising the threshold to 5 to 9mm would substantially reduce false positive rates at the
expense of a few missed or delayed lung cancer cases (5-7). There are a few diagnostic
models (8-12) that propose to add other image features, such as nodule solidity, location and
emphysema, and these showed improved malignancy detection. Nevertheless, most of these
studies focused on differentiating between benign and malignant nodules, regardless of
predicting malignant progression.

Recently, the American College of Radiology (ACR) proposed lung imaging reporting and
data system (lung-RADS) for LDCT screening interpretation (13), which adopts different
criteria for baseline and subsequent scans. This system combines nodule size and solidity to
provide risk assessment, and uses different size thresholds based on solidity, that is, an
average diameter of 20 mm for ground-glass nodules, 6 mm for solid nodules, and 6mm
total diameter for part-solid nodules. Though previous studies using lung-RADS (14, 15)
showed a reduction of false-positive rate with the assessment of both baseline and
subsequent scans, lack of nodule tracking throughout the subsequent follow-up scans (14)
may lead to inaccurate evaluation of the performance of lung-RADS. It could be that the
nodule assessed in the baseline scan was not consistent with the one that analyzed during
follow-up scans.
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In this analysis, both baseline and follow-up LDCT scans were extracted from NLST dataset
and all these images were reviewed to ensure that the nodules analyzed were matched across
all three rounds of screening. A systematic radiological scoring sheet (semantics), which
included nodule size, shape, margin, density, internal features, external features and
associate findings, were developed with the goal of finding reliable semantic descriptors that
will not only help in predicting malignancy, but also predict whether the nodule would
develop cancer in the future. The performances of top semantic features were then compared
with lung-RADS, and investigate whether they could improve the prediction accuracy of
lung-RADS.

2. Patients and methods

2.1 NLST Study Population

The NLST dataset was obtained after the Data transfer agreement (DTA) between the
National Cancer Institute (NCI) and Moffitt Cancer Center (MCC). The Institutional Review
Board (IRB) at MCC allows retrospective data analysis of publically available data. The
image and clinical data was accessed through a data portal supported by the data managers
for the NLST (16). The detailed study design of the NLST have been described in a previous
paper (4). A total of 53,454 subjects (between 55 and 74 years of age) with high-risk of lung
cancer at the time of randomization were enrolled from 2002 through 2004 at 33 U.S
medical centers. The participants were randomly assigned to the LDCT group and the
radiography group and asked to undergo a baseline (T0) and two annual follow-up
screenings (T1 and T2). Participants with lung cancer diagnosed would not be offered
subsequent screening tests. All screening examinations were performed in accordance with a
standard protocol.

In this study, we formed training and test sets that consisted of incidence lung cancer
patients and nodule positive controls. In the training cohort, 92 patients had positive nodules
not related with lung cancer diagnosis at baseline (T0) and first follow-up (T1), but
confirmed to be cancer at the second follow-up (T2). In the test set there were 104 lung
cancer patients that had a baseline (TO) scan and confirmed to be cancer at the first follow up
(T1). Nodule positive controls had three consecutive scans (TO to T2) with a benign nodule
and were frequency matched 2:1 to the lung cancer cases on age (+/- 5 years), sex, race,
smoking status, and pack-years smoked The schema of the study is shown in Fig. 1.

The cancerous nodule location was provided by the NLST, while the location of benign
nodule was not available. Two radiologists (J.Q. and Y.L.) reviewed the images and reached
an agreement on the nodules used for analysis and those nodules excluded from the analysis.
One radiologist (J.Q.) reviewed all the images at three time points to make sure that the
nodules involved in the analysis were consistent across the 3 screening rounds. About 77
cases in training cohort were excluded because of one of the following reasons: non-
availability of TO, T1 or T2 time point images, the location of tumor was unknown, nodules
cannot be identified, or multiple nodules that had malignant characteristics. In some cases,
nodules were too small to be evaluated especially at baseline. At last, there were 199 cases
(60 cancerous and 139 benign) qualified for the training cohort. Additionally, 80 patients
were randomly chosen for the feature model validation, which had 40 patients with
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confirmed cancer and 40 patients continuing to be benign at last follow up. The patients’ IDs
for both cohorts were listed in Supplementary Table 1.

2.2 LDCT images analysis

Image scans at all three time points (TO, T1 and T2) were analyzed. LDCT images were
displayed using both mediastinal (width, 350 HU; level, 40 HU) and lung (width, 1500 HU;
level, -600 HU) window settings. Totally, 25 radiological image traits were identified to
characterize the pulmonary nodules. These semantics can be broadly classified into eight
categories: (1) location; (2) size; (3) shape; (4) margin; (5) density; (6) internal features; (7)
external features; and (8) associated findings (Supplementary Table 2). These features were
systematically scored on a point scale (up to 5) by the radiologist (Q.L.). Lung-RADS scores
were independently evaluated in each time point according to the ACR 2014 guidelines (13).
To measure the reproducibility accuracy of scoring the semantics, we selected 40 patients
(20 malignant, 20 benign in blinded fashion) from the NLST trial and provided the scoring
sheet with approximate anatomical location of the nodules to another radiologists (Y.L.).
Both of the two radiologists were blinded to the case-control status.

2.3 Statistical analysis

Agreement between the two readers (Y.L and Q.L) was measured by the (weighted) Kappa
index (17, 18) for binary or ordinal variable and intra-class correlation of coefficient (ICC)
(19) for continuous variable. The kappa value was interpreted as follows: < 0: less than
chance agreement; 0.01 to 0.2: slight agreement; 0.21 to 0.4: fair agreement; 0.41 to 0.6:
moderate agreement; 0.61 to 0.8: substantial agreement; > 0.8: almost perfect agreement
(20).

Discriminatory analysis was conducted using a liner classifier to find the best pairs of
predictive features that relate to cancer status. The error of classification was estimated using
a 5-fold holdout cross validation method, randomized and repeated large number of times
(over 200). We report the average statistics across the repeats. For each discriminant feature
pair, AUC and 95% confidence interval (Cl) was computed. An exhaustive search was used
to find the best features in all possible feature pairs (up to fourth dimension, over 12,650
pairs). The top discriminating features was ordered based on the Youdon’s J Index
(sensitivity + specificity — 1) and the top discriminant pair was reported. The sensitivity,
specificity, average AUC and 95% CI were also calculated for lung-RADS (scale 3 or above
called positive). The discriminatory analysis was repeated independently at each of the time
points. The performance of the top features was tested on the validation cohort.

3. Results

The demographic and clinical covariates of the training and test sets are provided in Table 1.
Most of the lung cancer patients were in stage | (training: 76.6%, testing: 72.5%) when
diagnosis were confirmed, and adenocarcinoma was the main histological subtype (training:
68.4%, testing: 70%).
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3.1 Performance of lung-RADS in NLST

Overall, lung-RADS performed better when a prior scan was available (i.e. at subsequent
screenings) compared to its performance at baseline. At the second follow-up scan (T2),
when nodule malignancy was confirmed, the AUC of lung-RADS in discriminating benign
and malignant nodules was 0.867, with the sensitivity of 0.782 to 0.856, specificity of 0.947
to 0.964 (table 2c). At T1 (table 2b), the ability of lung-RADS in predicting whether the
nodule would subsequently present as a clinically-relevant cancer one year later was
moderate, the AUC, sensitivity and specificity were 0.760, 0.537 — 0.621 and 0.949 — 0.970,
respectively. At baseline screening (TO, table 2a), lung-RADS showed an AUC of 0.600, and
the sensitivity is relatively lower, in the range of [0.399 — 0.466], specificity was [0.750 —
0.794].

3.2 Performance of semantic CT features in NLST

Two features, distribution and calcification, were excluded because most of the nodules were
peripheral and non-calcified in the study. Among the remaining features, ten showed almost
perfect agreement (Kappa value > 0.8), including location, vessel attachment, solidity, air
bronchogram, fissure attachment, pleural attachment, pleural retraction, bubble-like lucency,
thickened adjacent bronchovascular bundles and nodules in primary tumor lobe, while
contour, border definition, concavity, lymphadenopathy, spiculation, nodules in non-tumor
lobes and focal fibrosis were in substantial agreement, and focal emphysema, vascular
convergence and lobulation showed moderate agreement. The ICCs for long and short axial
diameter were 0.940 (95% CI: 0.890 — 0.968) and 0.960 (95% CI: 0.834 — 0.985),
respectively. Detailed information can be seen in Table 3.

As shown in Table 2, the performance of semantic features was evaluated both individually
and by combining with others, such as two, three or four feature combinations (also called
feature dimensions). The comparison among three screening rounds (TO, T1 and T2) showed
that the sensitivity of semantic features increased with screening interval. The sensitivity at
TOis about 0.5-0.6, at T1 it is about 0.6 — 0.7, and at T2 it is around 0.8. The specificity
had small changes across different time points, which was in the range of 0.8 —0.9. The
comparison among different feature dimensions (1D, 2D, 3D and 4D) in each screening
rounds showed that the feature dimension plays a role in improving predictor performance
(AUC). For example, at T2 (Table 2c), location, contour, short axial diameter and focal
emphysema showed the highest AUC of 0.947.

In all three screening rounds, the size of benign nodules was significantly smaller than the
malignant nodules (P < 0.05) in the training cohort (Supplementary Table 3). The nodule
growth rates between two sequential scans were also statistically different between cancer
and normal groups, which are in line with the NLST selection criteria.

It was found that contour and border definition as individual semantic feature were
predictive of malignancy in all three screening rounds (Figure 2), with border definition
performed better at TO (AUC: 0.719), and contour slightly better at T1 (AUC: 0.823) and T2
(AUC: 0.876). Vessel attachment was another prognostic feature in all three screening
rounds, but it needed to be combined with other two features to generate sufficient power.
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For example, when combined with contour and focal emphysema, it was prognostic both at
T1 and T2; while combined with border definition and solidity, it was prognostic at TO.
Similarly, location was a significant feature at T1 and T2, but has to be combined with
contour. Besides these, at TO (Table 2a), focal fibrosis were also predictive features if
combined with border definition, and the combination, short axial diameter, contour, border
definition and solidity, showed the highest AUC (0.741). At T1 (Table 2b), it was observed
that location, contour, solidity and focal fibrosis ranked the top combinations (AUC: 0.897).

There is no obvious difference between semantic features and lung-RADS in diagnosing
nodule malignancy at T2, but the AUC of semantic features at T1 and TO were higher than
that of lung-RADS. Then we tried to incorporate the semantic features into the predictive
model to improve the performance of lung-RADS (Figure 3). At T2 and T1, the AUC
increased about 10% for the top combined model compared to lung-RADS predictions
(0.968 vs. 0.867, 0.887 vs 0.760). At baseline (T0), the AUC was as high as 0.743 (lung-
RADS, 0.600) by incorporating border definition, and it was similar with the AUC of four
feature semantic model (short axial diameter, contour, border definition and solidity, 0.741).

4. Discussion

Using data and images from the NLST, we performed a systemic analysis of radiological
semantic features of incidence lung cancer cases and nodule positive controls and found that
imaging features distinguished malignant from benign nodules and predicted subsequent
tumor occurrence. The performance of the semantic features was comparable to that of lung-
RADS for subsequent scans, and better for the baseline scan. By combining semantic
features with lung-RADS, the ability of predicting nodule malignancy improved. It indicates
that a quantitative semantics could be considered as surrogate to lung-RADS and in
combination will certainly add information to identify malignant nodules.

4.1 Performance of Lung-RADS in NLST

The lung-RADS worked well in discriminating benign and malignant nodules when a
previous scan was available, while less than expected in predicting nodule malignancy
progression at baseline. The reason is that nodule size was too small to be defined as
malignant at baseline. Meanwhile, it should be noted that lung-RADS relies on nodule
growth for subsequent scans, and actual size is only used for baseline scans. To illustrate the
difference, we tried to reclassify the lung-RADS category at T2 using the actual size,
ignoring prior scan. The false positive for such a method increased about 20% (from 3.6% to
25.89%). it indicated that nodule growth works better than actual size in reducing false
positive rate.

In comparison with Pinsky et al’s study (14) that used lung-RADS in NLST data, the
sensitivity and specificity after baseline were similar, but our baseline sensitivity is lower.
The discrepancy may be attributed to the following: First, the sample size is different. They
used all the subjects in NLST (LDCT cohort), while in our study we used subsets of LDCT
cohort and divided them into train and validation/test cohorts. Also only patients with
images of all three (two for test cohort) time points available could be included. Second, the
ratios of malignant and benign nodules were significantly different. In our analysis, the
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cancer and non-cancer cohort were matched at the ratio of 1:2, and the ratio in their study at
baseline was nearly 1:90. Moreover, all the nodules analyzed were well matched across
different screening rounds in our study. Though larger nodules may coexist, only the nodule
which developed cancer at T2 was chosen, and it may result that some of the nodules at TO
were rather small (Figure 4). There were 24 patients (40%) smaller than 6mm in TO, which
made the sensitivity lower.

4.2 Semantic features that can predict nodule malignancy

The Lung-RADS scoring system relies on the nodule size and solidity, while there are other
sematic features that can be used as image biomarkers of malignancy. Among the semantic
features, contour and border definition shows up as the top candidates that are related to
malignancy. They can not only distinguish malignant from benign nodules, but also predict
nodule malignancy progression using pre-diagnostic scans. This means that the malignant
nodules tends to be more irregular and more poorly defined margins, similar observation are
made in previous studies (21-25). It suggests that these semantic features play critical roles
and should be evaluated in the screening setting, especially when the sensitivity of lung-
RADS is modest (i.e at baseline scan).

Vessel invasion has shown to be a poor prognostic factor and is correlated with lung cancer
recurrence (26—-28). It has been demonstrated that during the early stages of tumor growth,
angiogenesis is required to permit tumor expansion (29). Nodules with vessel attachment
may be more easily to get vessel involved and develop progression.

Nodule location was another important prognostic indicator of malignancy (9) and it has
been shown in multiple studies (24). Cancerous nodules are more often seen in the upper
lobes, it is about 61.7% (n = 37) in our study. In comparison, 56 (40.3%) nodules in non-
cancer cases have nodule located in the upper lobe.

COPD and interstitial lung disease are strong risk factors for lung cancer (30-32). It has
been shown that even early signs of emphysema and fibrosis are associated with lung cancer
(33) and regional severity of emphysema is an independent predictor of long-term survival
(34). Henschke et al (35) found that the prevalence of lung cancer increased among those
who had CT evidence of emphysema, no matter smokers or never smokers. In our study,
malignant nodules tended to have severe regional emphysema and fibrosis. Based on prior
study findings, visual assessment of emphysema and fibrosis on CT images could be used in
lung cancer risk analysis.

4.3 Performance comparison between radiological features and lung-RADS

At T1 and T2 scan round, the performance of semantics defined by contour and border
definition is comparable to that of lung-RADS. It is necessary to note that the lung-RADS
score use prior scan information, whereas radiological semantic predictors use current scan
to characterize a nodule. These semantic descriptors are common features that radiologist’s
use in daily practice, following semantic approaches saves time and effort.

At TO scan round, the semantic features outperformed lung-RADS. Moreover, the predictive
power of lung-RADS could be improved if semantic features were incorporated. It indicates
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that the semantic features should be taken into account for cancer risk assessment especially
when no previous scan was available.

4.4. Limitations

This study was based on retrospective analysis of patient data. Though we had assembled
comparably large cohort for train and validation/test, this still remained small. Recently,
quantitative descriptors of lung nodules (radiomics) has shown great potential for prognosis
in lung cancer, which, along with semantics, could be used to improve malignancy
prediction and improve false discovery rate in the future.

Conclusion

In this study, we have shown radiological based discrimination approach is comparable to
lung-RADS in classifying the presence of cancer, and holds value in using pre-diagnostic
scans to predict subsequent occurrence of tumor. Evaluating semantic features along with
lung-RADS could improve the screening cancer risk assessments at baseline. A quantitative
radiological approach may act complementary assessment tool to the lung-RADS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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At a Glance Commentary
Scientific Knowledge on the Subject

Screening for lung cancer with low-dose computed tomography (LDCT) is associated
with a significant reduction in lung cancer-related mortality. Despite the clinical benefit
of this modality, the high false positive rate is a substantial limitation. A reliable predictor
of nodule malignancy is needed.

What This Study Addsto the Field

We found that the performance of semantic features was comparable to lung-RADS for
subsequent scan in differentiating benign and malignant nodules, and outperformed lung-
RADS for baseline scan in predicting subsequent occurrence of tumor. The predictive
power of lung-RADS could be improved by incorporating additional semantic features.
The semantic features would be helpful in assessing lung cancer risk in a screening
cohort.
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Figure 2.
Examples of scoring of radiological features (contour and border definition)

The top line is the examples of contour (1 means round, 2 means oval, 3 means irregular and
4 means extremely irregular), and the bottom line is the examples of border definition (1
means clear margin, 3 means poorly defined margin, and 2 means everything between them).
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Figure 4.
Nodules that smaller than 4mm at the baseline screening (T0) and developed tumor at the

third screening round (T2)
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Table 3

Agreement of semantic features between 2 readers

CT features Kappa intra-class correlation of coefficient (ICC)
Location 1
Fissure attachment 1
Pleural attachment 1
Contour 0.71
Lobulation 0.51
Concavity 0.64
Border definition 0.71
Spiculation 0.69
solidity 0.95
Air bronchogram 1
Bubble-like lucency 1
Vascular convergence 0.48
Thickened adjacent bronchovascular bundles 1
vessel attachment 0.90
Pleural retraction 1
Peripheral emphysema 0.43
Peripheral fibrosis 0.77
Nodules in primary tumor lobe 1
Nodules in non-tumor lobes 0.75
Lymphadenopathy 0.64

Long axial diameter

Short axial diameter

0.940 (0.890 - 0.968)
0.960 (0.834 — 0.985)
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