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Abstract

Rationale: The workup and longitudinal monitoring for subjects presenting with pulmonary 

nodules is a pressing clinical problem. A blood-based biomarker panel potentially has utility for 

identifying subjects at higher risk for harboring a malignant nodule for whom additional work-up 
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would be indicated or subjects at reduced risk for whom imaging based follow-up would be 

indicated.

Objectives: To assess whether a previously described four-protein biomarker panel, previously 

reported to improve assessment of lung cancer risk compared to a smoking-based lung cancer risk 

model, can provide discrimination between benign and malignant indeterminate pulmonary 

nodules.

Methods: A previously validated multiplex enzyme linked immunoassay was performed on 

matched case and control samples from each cohort.

Measurements: The biomarker panel was tested in two case-control cohorts of patients 

presenting with indeterminate pulmonary nodules at the University of Pittsburgh Medical Center 

and The University of Texas Southwestern.

Main Results: In both cohorts, the biomarker panel resulted in improved prediction of lung 

cancer risk over a model based on nodule size alone. Of particular note, the addition of the marker 

panel to nodule size greatly improved sensitivity at a high specificity in both cohorts.

Conclusions: A four-marker biomarker panel, previously validated to improve lung cancer risk 

prediction, also shows utility in distinguishing benign from malignant indeterminate pulmonary 

nodules. Its performance in improving sensitivity at a high specificity indicates potential utility of 

the marker panel in assessing likelihood of malignancy in otherwise indeterminate nodules.
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lung neoplasms; early detection of cancer; enzyme-linked immunosorbent assay; incidental 
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Introduction

Lung nodules are a common finding on chest CT scans. While most are incidentally 

discovered, some are discovered through low-dose CT (LDCT)-based lung cancer screening 

programs. A relatively high percentage of subjects in the general population (~1.9%) have a 

chest CT done per year, with incidental nodules discovered in some 24–31%.1 similar to the 

incidence of nodules reported in the National Lung Screening Trial (24%).2 The risk that a 

nodule is a cancer largely revolves around its size, with nodules greater than 20 mm often 

referred for work-up. Recommendations for smaller nodules are to follow them with 

additional imaging, for instance PET/CT, or short follow up repeated CT scans.3,4 Such an 

approach carries a risk of missing an early-stage lung cancer. Thus, lung nodules represent a 

significant diagnostic conundrum, with many institutions establishing clinics devoted solely 

to diagnosing and following nodules discovered incidentally or through screening.

A 4-protein marker panel (4MP) was subjected to blinded validation using plasmas collected 

up to one year before diagnosis of lung cancer, with significant performance in 

distinguishing cases from controls.5 The panel includes the proprotein form of surfactant 

protein B (pro-SFTPB) and three other markers with known utility in diagnosing lung 

cancer: cancer antigen 125 (CA125), cytokeratin-19 fragment (CYFRA 21–1), and 

carcinoembryonic antigen (CEA). This panel, integrated with a lung cancer risk model that 
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included smoking history and patient age, improved the area under the curve (AUC) of the 

receiver operating characteristic (ROC) curve from 0.73 (95% CI 0.64−0.82) for the 

smoking model alone to 0.83 (95% CI 0.76−0.90). At a specificity of 83%, the integrated 

risk model showed a sensitivity of 63% (95% CI, 0.49–0.76).

Given the performance of the panel in the pre-diagnostic setting, we assessed the 

performance of the panel in distinguishing benign from malignant nodules using plasma 

samples from two cohorts of subjects presenting with pulmonary nodules. Our findings 

indicate improved sensitivity and specificity in predicting cancer compared to a model based 

on nodule size alone.

Materials and Methods

Sources of Study Populations

The Cooper lung nodule and cancer proteomics and genomics research registry (IRB # 

03072024) was approved by the University of Pittsburgh IRB. The protocol enrolled patients 

with a confirmed benign lung nodule or diagnosed lung cancer from the Medical Oncology, 

Thoracic Surgery, and Pulmonary Medicine Clinics. The protocol authorized blood 

collections for research at periodic intervals, including before and at the time of diagnosis, 

after surgery, and at the time of lung cancer recurrence. Since 2004, this protocol enrolled 

666 patients, with 521 of them eventually diagnosed with lung cancer and the remaining 145 

with pulmonary benign nodules. All of them donated blood samples for research use.

The Pittsburgh Lung Screening Study (PLuSS) Cohort was approved by the University of 

Pittsburgh IRB (IRB# 011171). PLuSS is a community-based research cohort that recruited 

3,642 smokers (current or former) during 2002–2006.6 Each PLuSS participant completed a 

questionnaire, underwent spirometry for pulmonary function testing (PFT), received a chest 

low-dose CT exam, and provided a blood sample. All of the 3,642 participants received a 

baseline low-dose CT scan, and 3,423 participants received a follow-up low-dose CT scan 

one-year later. Beginning in 2006, we re-enrolled original participants of PLuSS with the 

highest lung cancer risk (referenced as PLuSS X). Overall 970 individuals were enrolled into 

the PLuSS X, who received biennial low-dose CT scans, spirometry and blood draws during 

2006–2015. The PluSS X and Cooper registry used the same protocol for blood sample 

collection, processing and storage (Figure S1A).

Blood samples were also obtained through a similar prospective protocol at the University of 

Texas at Southwestern (IRB# STU 072010–082, approved 8/17/2010 and terminated 

6/8/2018). 193 total patients presenting for evaluation of pulmonary nodules at one of four 

affiliated hospitals (Parkland Hospital, Simmons Cancer Center Seay Clinic, St. Paul’s 

Clinic, and the Dallas Veterans Administration Medical Center) were enrolled into this 

protocol. Samples met PRoBE requirements for optimal biomarker collection.7 Seven 

patients failed screening, for a total initial enrollment of 186. Of these, 33 were known lung 

cancer patients, 62 were eventually diagnosed with lung cancer, 40 were negative in a lung 

cancer workup, and 5 were diagnosed with another cancer, with the rest with no eventual 

diagnosis (Figure S1B).
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Design of UPMC and UTSW Case-Control Study

The UPMC cohort included 100 patients with early stage lung cancer. The median 

maximum nodule size on diagnostic CT scan was 20 mm (ranging from 7.5 to 38 mm) at 

initial diagnosis. For each case, we selected one control subject with a similar nodule size 

(maximum nodule size: 6.0 to 39.0 mm). The selected control was matched to index case by 

smoking status at the time of blood draw and gender. If a perfect match could not be 

identified, we dropped the gender as a matching criterion. Due to a small pool of nodule 

controls available from the Cooper registry, we also selected nodule controls from the 

PLuSS X participants. Control subjects were defined as having benign nodules if the nodule 

did not show radiographic growth for a minimum of two years, or were biopsy-proven 

negative for cancer. Despite attempts, perfect matching in nodule size between case and 

control cohorts was not achieved across the cohort. For the present study, we selected a 

plasma sample that was collected within 6 months prior to CT scan that revealed a 

pulmonary nodule of 6–39 mm. All 200 samples were pulled from the biorepository and sent 

to a test lab. The case-control status of the biospecimens were blinded to the team for 

biomarker test. A similar approach was performed with the UTSW cohort, with selection of 

32 cases and control matched on age and gender. Control subjects were defined as those 

having negative cancer diagnosis after tissue sampling, improvement on radiographic 

follow-up, or alternative clinical diagnosis such as pulmonary fibrosis or pneumonia. These 

subjects were followed for 2 or more years with radiographic surveillance to ensure they 

were true negatives for cancer. Plasma specimens were collected at the time of study 

enrollment. Due to the size of the cohort, there were significant differences in smoking 

history and nodule size between lung cancer cases and controls (Figure S1).

Biomarker validation adhered to guidelines outlined by the Institute of Medicine (IOM) and 

the REMARK criteria.8,9 Briefly, samples were drawn under a standard operating procedure 

for venipuncture and aliquoted in a clinical research laboratory adhering to Clinical 

Laboratory Improvement Amendment (CLIA) guidelines. The 4MP was already validated in 

a lung cancer screening population and here was tested, with the same coefficients, in two 

blinded cohorts of a new intended use population of patients with indeterminate pulmonary 

nodules. Sensitivities and specificities are reported on this population, building on previous 

analytical validation on our previous study.

Luminex Bead Based Assay

Human pro-SFTPB, CEA, CYFRA21–1 and CA125 protein markers were quantified using 

Luminex bead-based immunoassay and the measured fluorescence intensities was measured 

with a MAGPIX instrument (Luminex Corporation, Austin TX). Pro-SFTPB Luminex assay 

was developed in-house as a sandwich ELISA using Mouse monoclonal antibodies against 

the N-terminus of pro-SFTPB. CEA and CA125 were assayed using a multiplex assay from 

EMD Millipore Corp. CYFRA21–1 was assayed using a single-plex kit from R&D Systems 

(Minneapolis, MN, USA). Plasma samples were thawed at 4°C and centrifuged at 1200g for 

10 mins at 4°C before plating and testing. Samples were diluted 40X for pro-SFTPB, 6X for 

CEA/CA125 and 2X for CYFRA21–1. Samples were plated and analyzed in a blinded 

fashion. Each assay plate contained 7 calibration standards and a blank sample in duplicates. 

Quality controls include spike-in QCs and low/high plasma controls. The inter-plate and 
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intra-plate coefficients of variation were 3% and 3.6% for pro-SFTPB, 3.19% and 10.4% for 

CEA, 1.33% and 4.4% for CA125 and 5.01% and 13.9% for CYFRA21–1 respectively.

Statistical Analyses

The ROC curve estimates are empirically based. 95% confidence intervals and standard 

errors of the AUC estimates as well those referring to the sensitivity (specificity) at a given 

specificity (sensitivity) are derived using the bootstrap scheme presented in the Appendix. 

To derive the ROC curves and corresponding AUC estimates for various fixed values of the 

covariates of interest, such the packyear and the nodule size, we considered a Cox based 

modeling technique. The details of this method, named HCNS, can be found in Bantis et al.
10,11 This estimates the baseline cumulative hazard of a marker and then projects it through a 

Cox model for the desired covariate level. This is done separately for the control and the 

case group. Using these cumulative hazard estimates we derive the corresponding estimates 

of the cumulative distributions for both groups. These, in turn, allow us to derive the ROC 

for the covariate profile Z, by ROCZ t = 1 − Fcases Z = z Fcontrols Z = z
−1 1 − t . We illustrate 

both the empirical estimates as well as the corresponding spline-based estimates given by 

the HCNS method. All corresponding p-values and confidence intervals are derived with the 

use of the bootstrap (see Appendix). Risks were calculated based on a logistic regression 

model, using simultaneously both covariates of interest, for instance the pack-year and the 

nodule size. Such a model induces a risk surface illustrated in Figure S2 on which we also 

overlay the raw data and provide the plot from different angles for better visualization. Such 

a surface allows us to graphically illustrate how steep the risk change is, as we increase 

either the pack-year or the nodule size value. Numerical results regarding these risks are 

presented in the results section. The logit link function was used throughout and standard 

GLM theory is used to fit these logistic regression models.

Results

Performance of the 4MP in the Pittsburgh nodule cohort

The study design consisted of 200 subjects with pulmonary nodules that were referred to the 

pulmonary clinic at the University of Pittsburgh Medical Center. The cohort consisted of 100 

subjects who were subsequently diagnosed with lung cancer and 100 control patients with 

benign nodules that were matched for gender, age, and smoking history (Table 1, Table S1). 

The mean and distributions of age, gender, smoking status, and pack-years of smoking were 

comparable between cases and controls. The mean (±SD) maximum nodule size was 

significantly larger for cases (21±7.8 mm) than that of controls (11.6±5.8, p<0.001). Assays 

of plasmas for the 4MP was performed in a blinded fashion using the same standard 

operating procedure and fixed coefficients utilized in the pre-diagnostic study.5 The 4MP 

showed an area under the curve (AUC) of 0.76, with 95% CI 0.69–0.82 (Figure 1A). Three 

of the four independent markers also showed significant discrimination (Figure 1B–E).

A Cox model accounting for age, gender, smoking history, and nodule size showed 

significant interaction between the 4MP and nodule size but none of the other variables. 

There were no significant differences in either the individual markers or the full 4MP 

between current and former smokers (Table S2, Figure S3–4). Pro-SFTPB and CYFRA21–1 
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exhibited significantly higher performance in larger nodules (Figure 2A–E). Compared to 

nodule size alone, the 4MP increased AUC from 0.86 to 0.90 (p-value of the comparison 

0.033). Moreover, adding the 4MP to nodule size markedly increased sensitivity at a high 

specificity. At 99% specificity, the sensitivity of nodule size alone was 14%, which increased 

to 42% in combination with the 4MP. At 95% specificity, sensitivity increased from 31% to 

62%, and at 90% specificity, sensitivity increased from 60% to 73% (Figure 3).

Additional validation in an independent cohort

Given the findings in the first validation cohort, we sought to further validate the 4MP in an 

independent cohort of 60 patients with nodules from the University of Texas Southwestern 

(UTSW, Table 2, Table S2). The cohort consisted of 30 subjects subsequently diagnosed 

with lung cancer and 30 subjects with benign nodules matched for age and gender. This 

cohort had a lower pack-year history and included subjects with smaller nodules. Of the 60 

subjects, 27 had nodules ≤ 6 mm.

The 4MP performed well in identifying cases of lung cancer in this cohort (Figure 4A), with 

an AUC of 0.87 (95% CI 0.79–0.96). Given the higher number of smaller nodules, nodule 

size poorly predicted cancer risk, with an AUC of the ROC of 0.54 (95% CI 0.37–0.70). 

Addition of nodule size to the 4MP did not further improve the 4MP performance, with an 

AUC of 0.86 (95% CI 0.76–0.96). Again, the 4MP significantly improved performance at a 

95% specificity, increasing sensitivity from 4% to 26%. (Figure S5). The performance of the 

full panel in the subset of 27 subjects with nodule size ≤ 6 mm was particularly striking 

(Figure 4B). In these patients, with 15 controls and 12 cases, the combination of nodule size 

and the 4MP showed an AUC of 0.95 with 95% CI 0.85–1.00.

Discussion

Large numbers of pulmonary nodules are discovered incidentally or through low-dose CT-

based screening, and represent a significant clinical dilemma. Most nodules are 

radiographically followed, with the Fleischner society recommending 24 months of follow-

up to ensure a nodule is not cancerous. This requires continued coordination of treatment 

teams and utilization of medical resources. Small nodules represent a low risk that are 

followed with long intervals between imaging, leaving providers and patients anxious about 

interval development. The high rate of false-positive scan produced by CT screening is often 

cited as an impediment to implementation, as these nodules require structured, longitudinal 

follow-up that is a major contributor to the workload of a screening trial.

Here, we show that a biomarker panel previously reported to improve a smoking-based risk 

model for lung cancer screening also has utility in distinguishing benign from malignant 

pulmonary nodules. This panel improves the performance of nodule size alone in predicting 

the risk of cancer in a large cohort of heavy smokers recruited from the University of 

Pittsburgh pulmonary clinics. The panel was influenced by nodule size, performing better in 

larger nodules, but retained performance even in small nodules. The performance of the 

4MP was not significantly altered by smoking history. Notably, the panel improved 

sensitivity from 14% to 42% at 99% specificity. This points to a potential clinical role in 

identifying nodules at higher risk. Marker-positive nodules could then be followed or 
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biopsied more aggressively, with a high potential for earlier identification and treatment of 

disease. These findings were largely confirmed in a second, smaller cohort of lighter 

smokers from the University of Texas Southwestern. Notably, in this cohort, which included 

plasma samples from subjects with small nodules, the 4MP showed very large improvements 

over the nodule-size based clinical risk model alone. The fact that we used two different 

validation cohorts from different institutions with a range of nodule sizes is a strength of our 

study. Of interest, this second cohort contained 12 cases and 15 controls with nodule size ≤ 6 

mm. In this small subset, the 4MP performed particularly well, with an AUC of the ROC of 

0.95. While this obviously requires validation in a larger group, it again carries strong 

clinical ramifications.

This study was limited by relatively small size of the cohorts and limited demographic and 

radiographic data available from the subjects. This precluded the use of standard malignancy 

risk calculators. For instance, the Brock University calculator utilizes family history, 

presence of emphysema, nodule quality (solid, part-solid, or nonsolid), lobar location, 

nodule count, and spiculation.12 The Mayo Clinic model uses spiculation, upper lobe 

location, and history of extrathoracic cancer.13 These data were not available for either 

cohort. Another weakness of our study is the fact that the nodule size in the cancer cases is 

larger than in the benign nodules, and that smoking history was unable to be fully matched 

between cases and controls. Future studies will require integration of these and other 

established and emerging markers of increased risk, for instance occupational exposure, 

interstitial disease, and radiomic nodule features such as kurtosis, sphericity, and lung 

densitometry.14–16

Nodules under 6 mm are a common CT finding with a low risk of cancer. The 2017 

Fleischner Society guidelines recommends only optional follow up CT scan at 12 months in 

high-risk patients. A biomarker that could identify patients at higher risk again has a strong 

potential to identify cancers that could be missed while they are still at early, curable stage. 

A negative biomarker score would be an effective reassurance that a nodule represented a 

benign process not requiring further imaging. While a prospective trial is necessary to 

definitively demonstrate the utility of this panel, these results give a promising foundation 

for such a trial. As such, these findings may represent a key step toward clinical utility as 

outlined by the American Thoracic Society guidelines.17 Finally, this panel, comprised of 4 

protein markers, was measured on a multiplex immunoassay system, and additionally has 

the potential to provide a cost-effective means to secondarily stratify indeterminate nodules 

in these clinical scenarios. This could facilitate additional CT-screening, in resource-limited 

settings, or as a basis to broaden CT screening to lower risk groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix

Appendix 1:

Inferences for the AUCs.

Step 1: Sample with replacement n1 individuals from the controls and n2 from the cases 

where n1 and n2 are the total sample sizes for the controls and cases respectively.

Step 2: Based on the samples drawn in Step 1, use the empirical ROC estimate to derive the 

empirical based AUC estimate for this current bootstrap sample denoted by AUC b  with 

b=1,2,..., B.

Step 3: Repeat Steps 1–3 B=1000 times to collect 1000 values of estimated AUCs.

Step 4: The SE of the original AUC estimate is given by:

SE(AUC) = 1
B − 1 ∑b = 1

B AUC b −
∑b = 1

B AUC b

B

2

For assessing the significance of the AUC estimate we consider under the null hypothesis 

that:

Z = AUC − 0.5
V ar AUC

N(0,1)

based on which we calculate the reported p-values.

Appendix 2:

Comparing AUCs.

To compare two competing AUCs we considered the following bootstrap scheme. The same 

bootstrap scheme is analogously extended for the comparison of the sensitivity (specificity) 

at a given level of specificity (sensitivity).

Step 1: Sample with replacement n1 controls and n2 cases where n1 and n2 are the total 

sample sizes for the controls and cases respectively.

Step 2: Based on Step 1 calculate the areas under both curves, denoted by AUC1
b  and 

AUC2
b  where b=1,2,..., B. We have used 1000 bootstrap samples i.e. B=1000.

Step 3: Repeat Steps 1–3 1000 times to collect 1000 values of estimated AUCs.

Step 4: The SE of the original AUC estimates for our data set are given by:
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SE(AUC1) = 1
B − 1 ∑b = 1

B AUC1
b −

∑b = 1
B AUC1

b

B

2

and

SE(AUC2) = 1
B − 1 ∑b = 1

B AUC2
b −

∑b = 1
B AUC2

b

B

2

and

Cov AUC1, AUC2 = 1
B ∑b = 1

B AUC1
b −

∑b = 1
B AUC1

b

B AUC2
b −

∑b = 1
B AUC2

b

B

Finally, for the comparison of AUC1 and AUC2 we note that under the null hypothesis it 

holds that:

Z =
AUC2 − AUC1

V ar AUC1 + V ar AUC1 − 2Cov AUC1, AUC2
N(0,1)

based on which we calculate the reported p-values.

For the AUCs, related SEs, and the corresponding comparisons that refer to the HCNS 

method which is based on an underlying Cox model, the above bootstrap schemes are 

analogously extended. That is, for each bootstrap sample the HCNS method is re-applied 

and the Cox model re-fitted (see also Bantis et al. 2012, 2013)10,11.
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Figure 1: Performance of the 4MP in the Pittsburgh nodule cohort.
A) The 4MP shows an AUC of 0.76 (95% CI 0.69–0.82). Three of the markers performed 

moderately well, including pro-SFTPB (B) with an area under the curve (AUC) of the 

receiver operative characteristic (ROC) of 0.69 (95% CI 0.62–0.77), CEA (C) at 0.70 (95% 

CI 0.63–0.77), and CYFRA21–1 (D) at 0.72 (95% CI 0.65–0.80). CA125 (E) did not show 

statistical significance with an AUC of 0.57 (95% CI 0.49–0.65, Table 1E).
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Figure 2: The 4MP in the Pittsburgh cohort by nodule size.
A) A Cox model accounting for age, gender, smoking history, and nodule size showed 

significant interaction between the 4MP and nodule size but none of the other variables. 

Compared to nodule size alone, the 4MP moderately improved performance, increasing 

AUC from 0.86 to 0.90 (p-value of the comparison 0.033). Pro-SFTPB (B) and CYFRA21–1 

(D) drove this interaction, showing significantly higher performance in larger nodules. CEA 

and CA125 (C, E) did not show significant interaction with nodule size.
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Figure 3: Performance of the 4MP combined with a nodule size-based risk model.
The 4MP improves performance of a risk model for lung cancer based on nodule size, 

increasing AUC from 0.86 to 0.89. The black box indicates that this performance 

improvement is pronounced on the left side of the ROC, indicating an increase in sensitivity 

at a high specificity.
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Figure 4: Performance of the composite 4MP in the Southwestern nodule cohort.
A) The 4MP shows an AUC of 0.87 (95% CI 0.79–0.96), consistent with its performance in 

the Pittsburgh nodule cohort. Individual marker performance ranged from CYFRA21–1 at an 

AUC of 0.63 (95% CI 0.49–0.78), CEA at 0.72 (95% CI 0.59–0.86), to pro-SFTPB at 0.76 

(95% CI 0.63–0.88) and CEA at 0.80 (95% CI 0.69–0.91). B) In a subset of nodules < 6 

mm, the 4MP markedly improved performance of the nodule-size risk model. While nodule 

size alone predicted cancer with an AUC of 0.57 (95% CI 0.35–0.79), addition of the 4MP 

increased this to 0.95 (95% CI 0.85–1.000).
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Table 1 –

Baseline characteristics of study subjects from the University of Pittsburgh Medical Center (UPMC)

All With cancer Without cancer p-value

Age 67.7 ± 8.7 68.5 (Std = 9.2) 67.0 (Std = 8.18) 0.2191

Gender 0.1543

 Female 88 49 39

 Male 112 51 61

Smoking status 1.000

 Current 74 37 37

 Former 126 63 63

 Never 0

Pack years 48.4 (Std = 23.1) 47.8 (Std = 24.9) 49.1 (Std = 21.2) 0.6926

Nodule size (mm) 16.55 (Std = 8.47) 21.5 (Std = 7.81) 11.6 (Std = 5.81) <0.001
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Table 2 –

Baseline characteristics of study subjects from the University of Texas at Southwestern

All With cancer Without cancer p-value

Age 59.3 (Std = 10.7) 59.9 (Std = 9.60) 58.59 (Std = 11.8) 0.63

Gender

 Female 30 15 15

 Male 34 17 17

Smoking status

 Current 39 22 32

 Former 20 10 13

 Never 5 0 11

Pack years 30.1 (Std = 33.3) 44.1 (Std = 40.2) 16.6 (Std = 16.4) 0.0011

Nodule size (mm) 14.0 (Std = 15.4) 19.2 (Std = 18.8) 8.40 (Std = 7.59) 0.0052
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