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Abstract
Screening for lung cancer with low dose computed tomography can reduce mortality from the disease by 20% in high risk smokers. This review covers the state of the art knowledge on several aspects of implementing a screening program. The most important are to identify people who are at high enough risk to warrant screening and the appropriate management of lung nodules found at screening. An accurate risk prediction model is more efficient than age and pack years of smoking alone at identifying those who will develop lung cancer and die from the disease. Algorithms are available for assessing people who screen positive to determine who needs additional imaging or invasive investigations. Concerns about low dose computed tomography screening include false positive results, overdiagnosis, radiation exposure, and costs. Further work is needed to define the frequency and duration of screening and to refine risk prediction models so that they can be used to assess the risk of lung cancer in special populations. Another important area is the use of computer vision software tools to facilitate high throughput interpretation of low dose computed tomography images so that costs can be reduced and the consistency of scan interpretation can be improved. Sufficient data are available to support the implementation of screening programs at the population level in stages that can be expanded when found to perform well to improve the outcome of patients with lung cancer.

Introduction
Worldwide, lung cancer is the leading cause of death from cancer, accounting for 1.6 million deaths a year.1 Over the past four decades, clinical interventions have had only a minimal effect on reducing death from lung cancer.2 The recent finding that lung cancer screening with low dose computed tomography can reduce death from lung cancer by 20% in high risk smokers provides an alternative strategy to improve outcomes in this group.3 Many medical institutions and public health agencies worldwide are considering implementation of lung cancer screening.4 
Effective implementation of lung cancer screening programs is complex and controversial, and it requires input from clinicians, researchers, public health officials, and the public. Major recent developments include lung cancer risk prediction tools to identify people at high risk who should be screened and a cancer risk calculator to guide clinical management of suspicious or indeterminate lung nodules found in a baseline computed tomogram. This review describes current understanding of low dose computed tomography lung cancer screening, the associated uncertainties, and future advances in the science of lung cancer screening. It also focuses on crucial aspects of screening that are not well covered in other reviews, including who should be screened and what to do when lung nodules are found at screening.
Sources and selection criteria
We searched PubMed, Medline, and the Cochrane Library from 1 January 1980 to 1 January 2014 using combinations of words or terms that included lung or pulmonary, cancer or neoplasm, epidemiology or risk factors, and screening or early detection. In addition, risk factors were searched individually by names and synonyms. Articles from the reference lists of articles and text chapters were reviewed and relevant articles were identified. Non-English language abstracts and articles were excluded. Weighting of evidence was commensurate with the appropriateness and quality of study design. We regarded randomized controlled trials as being most suitable for interventions; prospective cohort designs as most suitable for potentially injurious exposures and incidence data; and cross sectional population surveys as most suitable for prevalence data. In addition, results from well conducted meta-analyses were considered to provide strong evidence, especially when summarizing randomized controlled trials and cohort studies. 



Epidemiology
In 2012, there were 1.8 million cases of lung cancer (13% of all new cases of cancer) and 1.6 million deaths from lung cancer (20% of all cancer deaths) worldwide.1 It is projected that by 2030, lung cancer will be the third highest cause of death in high income countries and the fifth highest cause in middle income countries.5 International variation and time trends of the incidence of lung cancer reflect smoking behaviors.6 The incidence of lung cancer increased throughout most of the 20th century. It then began to decline in American men in the early 1980s and in women around 1999.6 This pattern is similar in most developed countries, whereas in less developed countries smoking and lung cancer are on the rise.6
Most lung cancers are diagnosed at an advanced stage, so survival after lung cancer is generally poor even in developed countries, with five year survival rates of 18% or less.7 Diagnosis of lung cancer at an early stage is associated with a much higher survival rate of more than 70%.8 This indicates that early detection with low dose computed tomography could reduce mortality from lung cancer.

Lung cancer screening
Many recent reviews on lung cancer screening exist.9 10 Only key topics that are not well covered in previous publications are discussed here. Several lung cancer screening studies have been conducted since the 1950s using chest radiography with or without other modalities, such as sputum cytology.11 Many of these studies were criticized as having methodological weaknesses and none produced encouraging results. The Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial (PLCO) was the first large well designed and well conducted randomized controlled trial (RCT) to evaluate the effectiveness of annual screening with chest radiography. This trial found that chest radiography screening did not reduce lung cancer mortality.12
With rapid advances in imaging technology over the past two decades, it became possible to detect nodules as small as 1 mm by computed tomography using a radiation dose of no more than 1.5 mSv. With this came the hope that low dose computed tomography screening might reduce mortality from lung cancer by detecting early stage cancers while reducing exposure to radiation. Results from the Early Lung Cancer Action Project (ELCAP) suggested that lung cancer could be detected at an earlier stage and survival could be extended.13 Subsequently, the National Lung Screening Trial (NLST) was the first well powered, designed, and conducted RCT to examine the effectiveness of such screening in reducing death from lung cancer.10 It found that annual screening reduced death from lung cancer by 20% in high risk people aged 55-74 years who had smoked at least 30 pack years (a pack year is the equivalent of smoking one pack of 20 cigarettes a day for one year) and in former smokers who had quit 15 years ago or less.3 14 This is the most definite finding regarding screening for lung cancer by low dose computed tomography available to date.
Other smaller RCTs have been conducted or are in progress in Europe:
	Detection and Screening of Early Lung Cancer by Novel Imaging Technology and Molecular Assays (DANTE)15 16

	Multicentric Italian Lung Detection (MILD) study17

	Danish Lung Cancer Screening Trial (DLCST)18

	Nederlands-Leuvens Longkanker Screenings Onderzoek (NELSON) trial, or Dutch-Belgian Lung Cancer Screening Trial19

	Italian Lung Cancer Computed Tomography Screening Trial (ITALUNG)20 21

	Depiscan]—a French pilot lung screening RCT22

	German lung cancer screening intervention study (LUSI)23

	United Kingdom Lung Screening Trial (UKLS).24


The study designs of European lung screening trials have been reviewed.10 25 To date, published interim results from the DANTE trial,16 MILD trial,17 and DLCST18 have not suggested a protective effect for computed tomography screening, possibly because of small sample sizes, inadequate randomization, unclear allocation, differences in baseline demographic characteristics, differential follow-up, or relatively short duration of follow-up.10 
Results of the NELSON trial, the second largest trial after the NLST, are awaited in 2015. It is hoped that it will more clearly quantify the effects of screening with low dose computed tomography. Lung cancer screening is more effective when enrollment of screenees is based on accurate risk prediction.26 It is most effective in people with a high risk,27 and when performed annually.28 Also, subset analysis of NLST has shown that screening is more effective in women (overall mortality relative risk: 0.92 in men and 0.73 in women; interaction P=0.08).29 These associations were all unknown when the NELSON trial was designed. The NELSON trial enrolled fewer participants than the NLST (7557 v 26 314 in the screening arm) and more men (84% v 59%). Participants had also smoked fewer pack years (38 v 48 median pack years), and the second to third and third to fourth screenings were spaced 2 and 2.5 years apart, so the study may lack sufficient power and the design may be suboptimal to demonstrate an effect. The European trials, even combined, will probably not have enough statistical power to change the conclusions drawn from the NLST.
As a result of the findings of NLST, several organizations have recommended low dose computed tomography lung cancer screening of high risk people when high quality follow-up and healthcare are available. Recommendations have come from the following organizations:
	American Association of Thoracic Surgery30 31

	American College of Chest Physicians, American Society for Clinical Oncology9

	American Cancer Society32

	American Lung Association33

	Cancer Care Ontario34

	National Comprehensive Cancer Network35

	French Inter-/Oncology Group36

	United States Preventive Services Task Force (USPSTF).37 38


Most of these recommendations base their definition of high risk on the NLST criteria of age 55-74 years, smoking history of 30 pack years or more (or smokers who had quit no more than 15 years ago), or some variant of the NLST criteria. For the purposes of a screening trial, this definition of risk was practical. However, it is not as useful for selecting people for screening. Because these criteria dichotomize continuous variables, they lose information.39 Many valuable predictors are omitted, and non-linear effects are ignored.
Recently the USPSTF published recommendations on low dose computed tomography screening for lung cancer.37 40 It recommended annual screening of people aged 55-80 years who had smoked  at least 30 pack years (or smokers who had quit only in the past 15 years). Some USPSTF conclusions were based on microsimulation modeling by the Cancer Intervention and Surveillance Modeling Network (CISNET) Lung Group, which was based on summarizing models prepared by five separate modeling teams.28 CISNET modeling found that screening was most efficient when conducted every year (versus biennial or triennial screening) and the age range was extended to 80 years.
Over the past few years many institutions have initiated computed tomography lung cancer screening programs and others are planning them. A non-comprehensive list of institutions providing such screening identified by an internet search on 7 February 2014 provides a sense of where screening is being done in the US (box). Variations between selected programs have been documented.4
Examples of US institutions providing lung screening
University of Alabama at Birmingham, Columbia University Medical Center, Duke Raleigh Hospital in North Carolina, Oklahoma Heart Hospital, University Hospital Seidman Cancer Center in Cleveland Ohio, University of Kansas Cancer Centre, Virginia Hospital Center, Beverly Hospital in Massachusetts, Huntsman Cancer Institute at University of Utah, University of Illinois, University of Southern California Norris Cancer Hospital, MD Anderson at Orlando, Yale Cancer Center. 



Disadvantages of screening
The NLST population was healthier and better educated than expected for the general US population. The quality of medical care and outcomes in the NLST were also better. Consequently, computed tomography screening may not perform as well in the general population as in the NLST.41 Countering this view is the belief that screening extended beyond three annual rounds may be more efficient than observed in the NLST and may lead to greater than 20% mortality reduction.28 Several screening guidelines emphasize that screening be undertaken only by centers with multidisciplinary specialized teams capable of providing high quality care and follow-up.9 34
False positives
As well as causing psychological distress, false positive results can cause unnecessary expense, exposure to radiation, biopsies, and surgery, which can result in pain, disability, and, rarely, death. It is important to minimize false positive results, which are 20% or more in the baseline screen and 3% or more in subsequent screens,3 14 19 while still having a high sensitivity for lung cancer. 

Psychological stress
Some studies have found that lung cancer screening or false positive results are associated with distress or loss of health related quality of life.42 43 Others, however, did not detect distress or found that when it was present it was of small magnitude or transient.44 45 46 47 48

Overdiagnosis
This refers to cancers that would not have become clinically significant and led to death if left untreated.49 Such tumors may be relatively common in some cancers that are screened for, such as breast and prostate cancer. Overdiagnosis can result in the same harms as false positive test results. The extent of overdiagnosis in computed tomography lung cancer screening is unknown. A review of the literature found little evidence of substantial numbers of overdiagnosed lung cancers and concluded that overdiagnosis in lung cancer screening is mostly limited to in situ adenocarcinomas (formally called bronchioloalveolar adenocarcinomas), which appear on computed tomograms as non-solid nodules.50 To reduce overdiagnosis, Grannis suggests “clear evidence of progression in the form of growth or transition from non-solid to part-solid or solid nodules” before recommending a biopsy or surgical resection.50 Although most pure non-solid nodules seem to be slow growing, a recent study, which retrospectively reviewed resected and pathologically examined non-solid nodules, showed that 12% of pure non-solid nodules were invasive adenocarcinoma and another 16% were minimally invasive adenocarcinoma.51 The study suggests that the criteria for “evidence of progression” require a clearer definition and further research. 
On the basis of CISNET modeling, the USPSTF estimated overdiagnosis to occur in 10-12% of lung cancers.38 An analysis of overdiagnosis in the NLST estimated an overdiagnosis rate with three annual screens of 19% (95% confidence interval 16% to 23%) versus chest radiography with seven years of follow-up and 9% (5% to 13%) with lifetime follow-up.52 Another study assessed overdiagnosis using volume doubling time.53 It found that 25% of the lung cancers detected on screening were slow growing or indolent, and that many of them may have been overdiagnosed. Further research is needed to help understand and estimate the extent of overdiagnosis. For example, we need to understand the differing and interacting roles played by indolence and death not caused by lung cancer in overdiagnosis and how they change with age.

Exposure to excess radiation
It has been estimated that one death from cancer per 2500 people screened may be caused by radiation from three low dose computed tomography screens plus related diagnostic imaging.9 A contrasting view is presented in the 2011 American Association of Physicists in Medicine policy statement: “Risks of medical imaging at effective doses below 50 mSv for single procedures or 100 mSv for multiple procedures over short time periods are too low to be detectable and may be nonexistent.”54 However, this could underestimate the effect of repeated screens, especially in those who are screened annually until 74 or 80 years of age.
The potential for harm is shown by a study in children under the age of 15, which showed a significant excess relative risk of 0.036 per mGy of radiation (95% confidence interval 0.005 to 0.120; P=0.0097) from computed tomography for leukemia and 0·023 per mGy of radiation (0.010 to 0.049; P<0.0001) for brain cancer.55 Technology is rapidly changing, and lung cancer screening can now be done with as little as 0.1 mSv using the new generation of dual source computed tomography scanners with selective photon shields. However, ongoing research into the harmful effects of radiation is needed, and several large cohort studies of adults exposed to diagnostic imaging are in progress worldwide. 
Harris and colleagues reviewed the literature on screening harms and proposed a taxonomy for classifying harms, in particular for lung cancer screening.56 The review concluded that decisions to screen are more often based on evidence of benefits, and that data on harms are less available and when available are given less weighting.56


Cost effectiveness
Cost effectiveness analyses have assessed whether the benefits of computed tomography lung cancer screening outweigh the hazards and whether the costs to society and the medical system are affordable.57 58 59 60 61 62 63 64 65 66 67 68 These studies’ methods, perspectives, assumptions, data sources, outcomes, subset analyses, and findings differ. Their outcomes have ranged widely, from a low of $2500 (£1500; €1812) for an incremental cost effectiveness ratio per one year of life saved for one baseline screen,60 to a high of $2 322 700 per one quality adjusted life year saved in former smokers.59 However, none of these studies was based on real world RCT data. The cost effectiveness analysis based on NLST data estimated $67 000 per quality adjusted life year gained.
Preliminary analysis from the Pan-Canadian Early Detection of Lung Cancer study suggested that the cost of a screening program could be cost neutral to healthcare providers.69 This is because low dose computed tomography screening led to the detection of mostly early stage (I and II) cancers, which can be treated with surgical resection and cost around half as much to treat as stage III and IV lung cancers.69 Targeted therapies, such as tyrosine kinase inhibitors, cost much more than chemotherapy.70 In addition, compared with surgical treatment with curative intent for early stage lung cancer, chemotherapy and targeted therapy for advanced disease are largely palliative.
Several factors influence the cost of a screening program. Costs are highly sensitive to the risk of lung cancer, the number of follow-up computed tomograms and other imaging studies, complications from diagnostic procedures, and treatment.
Smoking cessation rates among current smokers also affect cost effectiveness. In the general population, the annual spontaneous smoking cessation rate is 3-7%.71 In observational computed tomography studies, cessation rates vary from 7% to 23%. In the Danish Lung Screening Trial, smoking cessation rates in participants with and without positive computed tomography results were 17.7% and 11.9%, respectively.72 In the Lung Screening Study component of the NLST, the probability of subsequent smoking was inversely associated with the abnormality of the screening result in a dose-response fashion (P<0.001).73 Other studies have also found higher smoking cessation rates in those who have abnormal results on computed tomography.74 75 These findings suggest that lung cancer screening may help reduce smoking in current smokers, and hence reduce all cause mortality. 
The cost effectiveness of lung cancer screening can be improved by screening high risk people selected by an accurate risk prediction tool, optimization of lung nodule management protocols, and integration of effective smoking cessation programs within screening programs.

Predicting the risk of lung cancer
Lung cancer screening is most effective when applied to people at high risk.26 27 To identify these people and improve lung cancer risk prediction models, which can be used to select potential screenees, it is useful to understand the risk factors for lung cancer (summarized in web table). The use of an accurate risk prediction model that incorporates risk factors besides age and smoking history is more efficient at identifying people who will develop lung cancer and die from the disease and leads to more efficient screening (lung cancers deaths averted per screen) compared with NLST criteria.26 27 When the Tammemagi 2012 prediction model26 used with the same number of smokers from the PLCO trial as the NLST criteria, it had 11.9% (P<0.001) greater sensitivity in identifying those who would be diagnosed with lung cancer in six years of follow-up. It also had a significantly higher positive predictive value (PPV) than the NLST criteria (4.0% v 3.4%; P<0.01). 
Another prediction model showed that the number of deaths from lung cancer averted per 10 000 person years in the computed tomography screening group, compared with the radiography group, increased with risk (0.2 in the lowest fifth, then 3.5, 5.1, 11.0, and 12.0 in the highest fifth; P=0.01 for trend).27 
The use of accurate risk prediction models to identify people at high risk should improve cost effectiveness and reduce the numbers of false positive screens. The International Association for the Study of Lung Cancer high risk working group has recommended that lung cancer screening be based on high risk, and that risk prediction models are most useful for this purpose.76
To be useful in lung cancer screening, prediction models need to show high predictive performance as measured by discrimination or ability to classify disease status and by calibration—that is, does the model predicted probability match the observed probability. The receiver operator characteristic area under the curve (AUC) or its equivalent, the C-statistic, are often used to evaluate discriminations.
Specific risk prediction models
Currently, at least 15 lung cancer risk prediction models exist. They differ in the populations that they can be used in, requirements for patient contact and clinical information, and study designs used in modeling and evaluating predictive performance. Some models have been developed in special populations and apply only to that population. The Etzel model is for African-Americans, and the Li and Park models apply to Chinese and Korean men, respectively.77 78 79 Maisonneuve presented two models. The first is a version of the Bach model recalibrated in an Italian population for identifying those at high risk who would be suitable for screening; the second model uses initial screening results so is not applicable for pre-screening use.80 The Spitz expanded model, Young, Hippisley-Cox, Li, and Iyen-Omofoman models use biomarker, genetic, or clinical data that require patient contact, biosampling, and testing or they use medical record data.78 81 82 83 84 These models are therefore not useful for population sampling based on self report and non-personal contact. The Kovalchik model is the only one that is primarily modeled on death from lung cancer using NLST data.27 However, the NLST selected high risk people for screening so the trial’s sample was representative of only about 40% of all smokers. In addition, the follow-up periods in many NLST lung cancer cases were not long enough to identify mortality. Hence, this model was based on less than 50% of the lung cancer deaths expected in a population of smokers. 
The Cassidy (Liverpool Lung Projects) and Spitz models are based on matched case-control data so were unable to evaluate important variables including age and some smoking variables.85 86 They also did not work directly with incidence data, which best estimates risk, so are vulnerable to calibration problems. They show only moderate discrimination when compared with other models that are based on prospective data in smokers. The Bach model was based on a high risk population of smokers or people exposed to asbestos (or both) from the Beta-Carotene and Retinol Efficacy Trial (CARET). The Tammemagi 2011 and 2012 PLCO models and the Hoggart European Prospective Investigation into Cancer and Nutrition (EPIC) model were based on large prospectively followed population based samples not limited to people at high risk of lung cancer,26 87 88 and they show high discrimination in smokers.


Population and medical system based approaches
Implementation of lung cancer screening may be population based or medical system based, and this will determine how the risk of potential screenees is assessed. Population based approaches can use an existing model and do not require direct contact—risk can be assessed by telephone or online. This approach is relatively simple, has broad coverage, and is less time consuming and costly than the medical system based approach. 
The medical system based approach works through direct contact with patients. It can therefore make use of clinical data and data from validated biomarker testing in risk prediction models. Currently, no biomarkers have been shown to help detect early stage lung cancer or select high risk people for screening. However, in the future, validated biomarkers may be measured using assays on airway epithelium, sputum, exhaled breath, and blood.89 Medical system based enrollment into screening is expected to be more time consuming and costly than the population based approach, but it may be more effective in enrolling some sectors of society. Relevant data from clinical evaluation, medical records, and biomarker assays can be incorporated into novel risk models.
Several problems remain regarding the integration of model based risk prediction into lung screening programs. These include how best to select people for screening to optimize sensitivity, specificity, and cost effectiveness compared with the USPSTF criteria, and whether risk should be revised on the basis of findings in previous screens, increasing age, and duration of smoking cessation. In the next year, ongoing research is likely to provide improvements in the application of risk prediction models to the selection of screenees.

Management of screen detected lung nodules
Other considerations when implementing computed tomography screening at the population level include the definition of a positive screen and the appropriate management of screen detected lung nodules. The first round of screening generates the greatest number of diagnostic investigations because there are no previous imaging studies to help decide whether lung nodules are new or to determine their growth behaviors.15 19 90 91 92 93 To minimize downstream investigations—such as repeat chest imaging, biopsy, or even surgical resection, which can harm the participant and increase costs—RCTs, cohort studies, and practice guidelines use action thresholds based on nodule type and nodule size (table 1⇓).3 14 35 19 94 95 96 97 98 99 100 101 
Table 1  Management thresholds for pulmonary nodules found on first (baseline) low dose computed tomography (LDCT) screen 
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Different size cut-offs points (from 4 mm to 15 mm) are used for solid, partly solid, or non-solid nodules. Nodule diameter is used in some protocols, whereas others use volume measurements. Some guidelines use a combination of nodule size, nodule type, and malignancy pre-test probability.96 Positron emission tomography-computed tomography (PET-CT) is an integral part of the diagnostic algorithm in some guidelines but not in others. 
All RCTs defined what a positive screen is. Some trials, such as NELSON, have a formal diagnostic regimen for investigating patients with a positive screen. In NLST, the decision about how to proceed was left to the referring physician owing to variation in clinical practice and local expertise. Nevertheless, resource utilization was similar in NLST and NELSON with regard to repeat imaging studies before the next annual repeat screen, biopsy or surgery rates, and proportion of surgical procedures for benign disease (table 2⇓).14 19 90 91 After the first annual repeat screen, when the new images could be compared with baseline images to look for new nodules or evidence of growth of pre-existing lung nodules, the proportion of repeat imaging requests was lower in the NELSON study. However, the proportion of lung biopsies was slightly higher in the NELSON study, although a similar proportion of lung cancer cases was diagnosed. Thus, while the volumetric measurement and volume doubling time used in NELSON are theoretically more accurate than two dimensional measurements to monitor growth in subsequent screens, the two methods have similar resource utilization for the first (baseline) scan. 
Table 2   Implication for resource utilization of different clinical follow-up pathways*
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The corresponding data on the I-ELCAP protocol (1.7% biopsy rate, 1.3% surgery rate, and 1.3% lung cancer diagnosed) were similar, although the study does not allow an analysis of frequency of repeat chest computed tomography, the frequency of diagnostic PET-CT, or the proportion of biopsies or surgery performed for benign disease.102 Depending on the frequency of biopsy to confirm the diagnosis of lung cancer before surgery, 6-43% of surgical procedures were performed for a benign diagnosis.9
There is a trade-off between setting a higher nodule size threshold to reduce the proportion of people who need downstream investigation and the risk of missing a cure by delaying investigation until the next scheduled annual screen.99 103 Although the probability of lung cancer in small nodules is low, it is not trivial: 7% of the lung cancers diagnosed in NLST were 4-6 mm in diameter and 13% were 7-10 mm.14 90 In subsequent annual repeat screening, 35% of the cancers were 10 mm or smaller.14 
The premise of screening is to detect and treat lung cancers early, before they metastasize. Raising the threshold size at which a nodule is considered positive would increase specificity for lung cancer but decrease sensitivity.10 Prospective validation of the relative merits of different size thresholds in the 5-8 mm range would require very large sample sizes because these nodules have a low frequency of cancer.103 The harm of false reassurance has not been evaluated.10
In 20% of patients, the largest lung nodule is not necessarily the one that is malignant.92 Thus, although nodule size and type are important for determining the probability of malignancy, a risk calculator is needed that integrates individual and nodule characteristics, thereby enabling the risk of lung cancer to be calculated rapidly and easily. 
External validation
An externally validated probabilistic approach to guide clinical decisions at the first (baseline) screen without information on growth or density change was recently reported.92 This Pan Canadian prediction model and calculator (www.brocku.ca/lung-cancer-risk-calculator) simplifies decision management by not having separate models for solid versus non-solid and partly solid nodules.35 95 96 101 Previous lung nodule prediction models were retrospective in design, hospital or clinic based, and were based on people with a high prevalence of lung cancer (23-54%) compared with the general high risk population screening setting (≤5%).104 105 106 107
When externally validated, other models have modest accuracy.107 108 109 Models based on lung nodules detected by chest radiography may not be applicable to the screening setting,104 105 106 where more than half of lung cancers are 2 cm or less and about 25% of lung nodules are non-solid or partly solid and rarely visible on chest radiography.80 92 When the full Pan Canadian model without spiculation (irregular margins) of the lung nodule was applied to an external validation dataset, the AUC was 0.97 (0.947 to 0.986).92 Even when the model was limited to nodules 10 mm or less, or to non-solid nodules alone or non-solid plus part solid nodules, the AUC was 0.936 (0.872 to 0.978), 0.918 (0.835 to 0.968), and 0.933 (0.882 to 0.968), respectively.92 110 
Table 3⇓ shows the Pan Canadian model’s prediction accuracies by probability cut-off points. These cut-off points may serve as a framework to guide clinical investigations (fig 1⇓).92 For example, screenees with no lung nodules or nodules with a risk score of less than 1.5% have a less than 0.7% chance of lung cancer with a median follow-up of 4.7 years (table 4⇓).92 
Table 3  Accuracy measurements for pulmonary cancer at different risk score thresholds using the Pan Canadian prediction model92*
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Table 4  Lung cancer risk in relation to baseline low dose computed tomography finding
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Fig 1 Probabilistic approach to guide clinical decisions using the Pan Canadian model 
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In the NELSONa study, the risk of lung cancer was 1% over 5.5 years in people with no nodules or nodules 50 mm3 or less (table 4).91 A similarly low risk of lung cancer was found in other studies in people with no nodules or nodules of 3 mm or less.14 17 111 Annual screening may not be needed in this very low risk group. The thresholds for biopsy or surgery with or without a previous repeat low dose computed tomography scan or PET-CT scan can be determined by the nodule risk score, physician’s assessment, and patient preference. 
Figure 2⇓ shows the distribution of the risk scores versus tumor stage using the raw data in the Pan Canadian study.92 Stage IA tumors had a risk score of 10% or more. A risk score of 30% has a PPV of 40% (table 3). Only 1.14% of the nodules have a risk score of 30% or more (table 3).92 In other studies, the PPV of abnormal screening results using nodule diameter or volume ranges from 2.2% to 36%.10 In the NLST study, the PPV for nodules larger than 30 mm was 41.3%.10 90 
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Fig 2 Box and whisker plot showing the distribution of nodule risk scores according to tumor stage in the Pan Canadian study.92 The boxes represent the 25th to 75th centiles, with the medians indicated by the horizontal lines. The whiskers represent the 5th to 95th centiles
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A Pan Canadian nodule risk score of 30% or more suggests that a diagnostic biopsy is needed. In people with a Pan Canadian risk score of 6-30%, a repeat scan can be done in three months to look for evidence of interval growth before deciding on a biopsy. This lower limit has a PPV of 22.7 and an NPV of 99.6 for malignancy. Those with risk scores of 1.5% to less than 6% can have their scheduled annual repeat scan. This probabilistic approach (fig 1) can greatly reduce costs and the risk of morbidity and mortality associated with clinical diagnostic investigations. Algorithms like this can be prospectively evaluated by monitoring the frequency of additional imaging studies, non-surgical biopsies, surgical resection, and the outcome of these procedures.

Tumor volume
The management of lung nodules identified after the first screen is simplified by having a previous scan for comparison to determine whether a nodule is new or whether the size or density of a pre-existing nodule have changed. For new nodules detected in the second or subsequent screening rounds, criteria similar to the baseline scan are often used, although some studies use a more aggressive follow-up protocol, with shorter intervals between repeat scans.100 
For pre-existing nodules, a greater than 25% increase in volume or a tumor volume doubling time of less than 400 days is considered to be a positive test result if volumetric analysis is used. If nodule diameter is used, a minimum of more than 1 mm increase in the maximum diameter or at least a 10% increase is considered positive.97 112 For non-solid or semi-solid nodules, the development of a solid component or an increase in the size of the solid component, respectively, are suspicious for malignancy (table 1). Positive nodules would then undergo clinical diagnostic investigations.
Although volumetric analysis is theoretically more accurate for measuring growth in non-spherical nodules,113 114 115 116 two dimensional diameter measurement is commonly used because of its simplicity. Semi-automated or fully automated three dimensional volume measurement requires specially provided software and measurement variability is still too high for non-solid and semi-solid nodules,114 117 although the technology is improving rapidly.118 119 120
Tumor volume doubling time is often misunderstood. Because small nodules are not usually biopsied, it is not possible to tell whether a long volume doubling time reflects the growth behavior of preinvasive lesions (atypical adenomatous hyperplasia or adenocarcinoma in situ) before it becomes invasive versus the true tumor growth rate. In a surgical series, 66% of the pure ground glass nodules suspicious enough to be removed by surgery were atypical adenomatous hyperplasia or adenocarcinoma in situ.51 
Tumor volume doubling time can increase, decrease, or both during the course of disease.121 122 The fact that a preinvasive or minimally invasive lesion is growing slowly does not mean that it cannot evolve into a lethal cancer. In addition, it is not possible to determine prospectively, at an individual level, which lung cancers are overdiagnosed because it is not known which patients would have died from lung cancer if they had not been treated.121 The International Association for the Study of Lung Cancer and other organizations are working to clarify a pathway for the management of lung nodules on the basis of best available evidence.123


Frequency of screening
CISNET microsimulation modeling assessed annual, biennial, and triennial screening intervals and concluded that annual screening was most efficient.28 In contrast, a small Italian pilot RCT comparing annual and biennial CT screening with regular care found no significant difference in lung cancer mortality between annual and biennial screening.17 However, it also found that screening did not reduce death from lung cancer compared with controls, so the results do not provide strong evidence in favor of biennial screening. The optimum frequency of screening requires further research. In low risk groups, such as those with no nodules on the baseline screen or nodules with a lung cancer risk of 1.5% or less, annual screening may not be needed (table 4).

Duration of screening
The optimum duration of screening is also yet to be defined. The longest duration of screening in an RCT is five years. The benefits of annual screening for up to 25 years are unknown. The potential harm of radiation and the discovery of new nodules that are not malignant should not be underestimated. There are insufficient data to recommend repeat screening annually until age 80 for everyone after participation in the first round of screening. For example, the individual risk of lung cancer may need to be revised downward for those with a negative baseline screen (table 4), those with repeat normal screens, and long term former smokers.80 91 124 Those at low risk may not benefit from a repeat scan for two or more years. Studying the variability of risk by birth cohorts using pooled data from studies with long term follow-up will shed light on this. 
If the duration of smoking cessation is used as an exclusion criterion, a screening program needs to specify that screening would eventually stop in former smokers. However, recent analyses indicate that some increased risks that warranting screening remain long after the 15 years since quitting threshold (MC Tammemagi, unpublished data, 2014).

Evaluation of lung cancer screening programs 
It is generally accepted that systematic cancer screening is more effective than ad hoc screening. Quality assurance measures should be in place to evaluate the performance of the program. For lung cancer screening, such measures have not been well defined. However, they may include whether there was a stage shift to earlier stage at detection and a reduction in lung cancer mortality in the screened population compared with the unscreened target population, as well as the proportion of the target population that was contacted and participated.

Future directions
The reading and interpretation of low dose computed tomograms are time consuming because the scans contain 200-400 high resolution sections. Reading involves slowly scrolling through thin slab maximum intensity projections to detect pulmonary nodules. This task requires around 10 minutes per scan, which is substantially more than the amount of time needed to inspect four mammograms in breast cancer screening. Reader variability is substantial.125 
In the NLST trial, the mean false positive rate for radiologists was estimated at 28.7% (standard deviation 13.7%), with a range of 3.8-69.0%.126 Quality assurance of the interpretation of diagnostic and screening computed tomograms is a hot topic. Computer vision software tools that interpret such scans to determine whether nodule(s) are present and to identify scans that do not require further formal reading by a chest radiologist are being developed. When they have high accuracy for true negativity, they could be used to process large numbers of lung screening images at reduced costs.
Diagnostic biomarkers using blood or other non-invasively obtained specimens such as exhaled breath may have a role in sub-centimeter nodules or people whose scans are negative. A major advance in lung cancer screening would be the ability to identify people who are at risk of developing interval lung cancer that is more likely to be aggressive. Promising predictive biomarkers of the risk of lung cancer, such as spirometry, micro-RNA and pro-surfactant protein B,127 128 129 need to be evaluated to determine their incremental value and cost implication versus clinical, demographic, and imaging parameters that are readily obtained without laboratory testing. Quantitative analysis of the nodule and the adjacent lung parenchyma, vessels, and airways may provide valuable information on risk of cancer. The accuracy of an individual’s overall risk of lung cancer can also be increased by using information about environmental and occupational exposures as well as validated biomarkers.

Conclusion
Lung cancer screening with low dose computed tomography in high risk smokers can reduce lung cancer mortality by about 20%. Currently, no new treatment modality can reduce death from lung cancer to this extent. The development of lung cancer risk prediction tools to identify people at high risk is a major advance in lung cancer screening. In addition, accurate lung nodule malignancy risk calculators can reduce the number of people who need follow-up scans and other investigations for suspicious or indeterminate lung nodules found in a baseline computed tomogram from over 20% to less than 8%. Sufficient data exist to support implementation of trial screening programs, which if successful and made efficient can be expanded to widespread population based screening programs to improve the outcome of patients with lung cancer. Staged programs will provide the framework to refine the screening parameters to incorporate new data and ideas as they emerge.
Trial acronyms
	CISNET: Cancer Intervention and Surveillance Modeling Network

	DANTE: Detection and Screening of Early Lung Cancer by Novel Imaging Technology and Molecular Assays

	DLCST: Danish Lung Cancer Screening Trial

	I-ELCAP: International Early Lung Cancer Action Project

	MILD: Multicentric Italian Lung Detection study

	NELSON: Nederlands-Leuvens Longkanker Screenings Onderzoek

	NLST: National Lung Screening Trial

	PLCO: Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial

	USPSTF: United States Preventive Services Task Force 




Future research areas
	The accurate measurement of the harmful effects of low dose computed tomography screening radiation

	Several problems remain regarding the integration of model based risk prediction into lung screening programs:
	At what model estimated risk should people be selected for screening to optimize sensitivity, specificity, and cost effectiveness compared with the US Preventive Services Task Force criteria?

	For which populations do we need unique risk prediction models? For example, are they needed for those who are exposed to specific occupational lung carcinogens, or populations which may have unique indoor and outdoor environmental exposures and genetic predispositions, such as Asian people? How can this be accomplished in the absence of complete quality data?

	Do repeat normal lung cancer screens revise a person’s baseline risk downward?
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